Microbial Macroecology understanding microbial community pattems using phylogenetic and multivariate statistical tools by Barberán Torrents, Albert
  
 
 
 
 
 
 
 
Microbial Macroecology  
understanding microbial community pattems using 
phylogenetic and multivariate statistical tools 
 
Albert Barberán Torrents 
 
 
 
 
 
 
 
 
Aquesta tesi doctoral està subjecta a la llicència Reconeixement 3.0. Espanya de Creative 
Commons. 
 
Esta tesis doctoral está sujeta a la licencia  Reconocimiento 3.0.  España de Creative 
Commons. 
 
This doctoral thesis is licensed under the Creative Commons Attribution  3.0. Spain License.  
 
Microbial Macroecology
Albert Barberán Torrents
PhD Thesis
University of Barcelona
understanding microbial community patterns
using phylogenetic and multivariate statistical tools
A.
 B
ar
be
rá
n
M
icr
ob
ia
l M
ac
ro
ec
ol
og
y
Ph
D
 T
he
sis
 20
12
●
●
●
●
●
●
●●
●
●
●
●●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
● ●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
● ●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
● ●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
● ●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
● ●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
● ●●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
● ●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
● ●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
● ●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
● ●
●
●
●
●
●
●
●●
●
●
●
●
●
● ●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
● ●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
● ●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
● ●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
Universidad de Barcelona
Facultad de Biología
Microbial Macroecology
Macroecología Microbiana
Albert Barberán Torrents

Tesis Doctoral
Universidad de Barcelona
Facultad de Biología
Programa de Doctorado de Biodiversidad
Microbial Macroecology
understanding microbial community patterns using
phylogenetic and multivariate statistical tools
Memoria presentada por Albert Barberán Torrents
para optar al Título de Doctor en Biología
Albert Barberán Torrents
Centro de Estudios Avanzados de Blanes (CEAB)
Consejo Superior de Investigaciones Científicas (CSIC)
Barcelona, Junio de 2012
El director de la tesis La tutora de la tesis
Dr. Emilio Ortega Casamayor Dra. Marisol Felip Benach
Inv. CEAB–CSIC Prof. UB

A Fausto i al meu ellvi,
por las lecciones y por las historias.

Agradecimientos
Ni el libro cerrado da sabiduría, ni el título por sí solo da maestría.
Refranero popular español
Dar las gracias es obscenamente fácil; tanto como pedir perdón. Por el con-
trario, hacer memoria y recordar las causas siempre ha requerido la ayuda de
instancias superiores. Aunque durante el transcurso de esta tesis haya puesto
a prueba mi acervo de ardides, la musa no me contará la historia de una tesis
errabunda ni hablará de llanto ni crujir de dientes. Sin embargo, tantas mañas
he usado en esta odisea que bien podría llamarse una tesis multidisciplinar.
Es de rigor comenzar agradeciendo el trabajo de mi jefe y director de tesis
Emilio Casamayor. Me has conducido hasta aquí con ingenio y arte, a la vez
que creabas un equipo de gran proyección en el que he disfrutado del traba-
jo y la convivencia con el resto de integrantes. Valoro el esfuerzo que me has
dedicado y espero que estés orgulloso de los frutos cosechados de este mutua-
lismo que establecimos hace ya más de cuatro años. Agradezco especialmente
las discusiones sobre todo lo que rodea a la ciencia y que me hayas enseñado
las reglas del juego.
Aunque nuestro grupo de investigación no ha funcionado exactamente co-
mo un todo orgánico, siempre hemos sido una colla muy bien avenida. Agra-
dezco a JC los sudores en las campañas de los Pirineos y en las saunas, y a
Antoni, el ser un verdadero camarada con el que he trabajado codo con codo
y pantalla con pantalla. Desitjo que aquesta tesi doctoral sigui digna de tu, per-
què l’hi has dedicat molt d’esforç. Hemos formado una tríada cohesionada por
la ciencia y los efluvios: lo que ha unido la chickipedia que no lo separen los
hombres (ni las mujeres).
Doy las gracias también a Xevi pels ànims, l’ajut i l’exemple de les coses ben
fetes, y a Maria Vila-Costa por sus capciosas preguntas sobre el Mantel test.
Tampoco debo olvidar mencionar a los miembros pretéritos: la Hierbas (que
está embarazada), Pierre Galand y Laura Alonso. Aunque tenga espíritu de
viejo cínico le deseo suerte a la savia nueva: a Tomàs, et dono ànims perquè
viii
coronis la tesis tal com corones muntanyes, y a Claudia, gracias por escucharme,
por abrirme los ojos, por llevarme siempre la contraria y por tus intentos de
enseñar a bailar salsa a un catalán ñoño. Te deseo éxito en la tesis y os deseo
mayor éxito en lo otro.
Gracias a las estancias de la beca FPU he podido ampliar mis miras por
otros países. Agradezco la labor de acogida científica y personal de los gru-
pos de investigación de Brendan Bohannan en la Universidad de Oregon, de
Rampal Etienne en la Universidad de Groningen y de Noah Fierer en la Uni-
versidad de Colorado. La lista de personas con las que de una forma u otra me
crucé es bastante extensa pero pecaría si no me acordase de Hélène Morlon, Ja-
mes O’Dwyer, Liz Perry, Kathryn Docherty, Fernando Encinas, Kelly Ramirez,
Bob Bowers, Scott Bates o Chris Lauber. The condor is coming back soon!
Danke schön, Steffi. Sé que no existen palabras de gratitud suficientes que
restañen la ingratitud de mis acciones. Desde dentro del CEAB, me guiaste la
mirada fuera, lejos. Me presentaste a la escalada y al larguirucho de Hans. Tú
me lo diste todo y yo fracasé. Siempre admiraré tu capacidad (como dijo tu
compatriota) de luchar con monstruos y no convertirte en uno de ellos.
Da la impresión que agradecer al final del trayecto es una forma de des-
pedida; por eso me es tan extraño darte las gracias, Carmen. No me despido
porque sé que no te perderé nunca. Te seguiré acosando con mis tribulacio-
nes, seguiré pidiéndote chorizo de tu madre, seguiré usufructuando tu televi-
sor, seguiré deleitándome al hablar contigo y ver cómo baila tu inteligencia, y
cuando mi inflado ego no me lo impida, te seguiré escuchando. Conoces bue-
na parte de mis miserias y mis virtudes, de lo que enseño, de lo que escondo
y de lo que escondo enseñándolo; en tus manos me encomiendo.
Si una tesis doctoral es el culmen de toda una vida de aprendizaje; es me-
nester que también agradezca la labor de mis maestros de escuela y de mis
profesores en la universidad. Lugar preeminente lo ocupa el Profesor Ricard
Guerrero que me abrió las puertas de la investigación científica como placer y
oficio. En su laboratorio, Laura Villanueva me hizo de jefa y Javier del Campo
(del que estoy seguro que mandaría a la hoguera toda la obra de Prat de la
Riba si así se salvase medio párrafo de Mishima), de Pistorius.
No sólo se aprende de, sino también con. Yo aprendí con mis amigos jinetes:
Chema (Guerra), Borja (Muerte) y Manolo (Hambre). Juntos hicimos nuestras
primeras lecturas serias, hablamos de política (antes de que se banalizase en
los muros de Facebook), viajamos, derribamos árboles y vimos la esplendoro-
sa Cibeles. En definitiva, prietamos y cabalgamos. En la Universidad también
conocí a Maya, y con ella, me conocí más a mí mismo. Tanto ella como su fa-
milia me apoyaron sobremanera, especialmente durante el primer año de tesis
mientras esperaba la maldita resolución de las becas.
Tras la Universidad recabé en el CEAB. Espero que en esta lista de agra-
ix
decimientos ceabinos, aunque no estén todos los que son, sean todos los que
están. A Fede Bartumeus, por su ejemplo de carrera científica y por prestarme
sus archivos LATEXpara la composición de esta tesis; a David Alonso, por su
locura entusiasta y por sus acertados comentarios; a Miquel Ribot, porque es
catalán y del Barça (como su compinche Peipoch); a la Riesgo, por sus charlas
y porque cuentan los mentideros que fue una de las mejores estudiantes del
CEAB; a Sergi Taboada por su guía en la elaboración e impresión de tesis; a
Xavi Torras, porque sería el mejor de los suegros; a Magda, por su espíritu
dicharachero; a Uri, por lo bien que nos quedan las faldas; a Tatiana, porque
incluso la hiel me alimenta; a Clara y a Edu, porque vuestra iniciación en la
escalada fue muy divertida, y a Gemma Agell y a Rocío, porque son unas
grandes conversadoras. En general y a nivel científico, agradezco al CEAB el
surtido de ejemplos de doctorandos y científicos a imitar, y también algún que
otro contraejemplo a evitar.
Creo que algún ruso barbudo escribió aquello de que todas las familias fe-
lices se parecen, mientras que las desdichadas lo son cada una a su modo. El
ruso sabía mucho, puede que demasiado, yo sólo sé que mi familia me habi-
litó una infancia cuya evocación me es muy agradable, y me dejó ser adulto
cuando así lo necesité. El resultado de esta transición creo que no desagrada
del todo a mis padres, o así me lo hacen sentir, tanto por su cariño como por su
infatigable mecenazgo. Agradezco infinitamente la continua devoción de mis
padres y mi abuela hacia su panxacontent hijo y nieto único, y si es por obliga-
ción de sangre, bienvenida sea y que no decaiga. Esta tesis es el resultado de
mi curiosidad, la misma que me impulsó en el año 1994 a pedir como regalo
el Libro Guinness de los Récords en sustitución de un viaje a EuroDisney. El
desenlace de mis ansias mozas por aprender nombres de dinosaurios es esta
tesis. Juzgad familia, si el fin justifica los medios y recordad que si alguna vez
me descarrío; al diablo mismo, Dios fue quien lo hizo. Doy también gracias a
mis primos, mayores y pequeños, por regalarme unas Navidades harto musi-
cales donde mis dotes innatas para la zambomba se depuran año tras año.
De mi otra familia, la voluntaria, es un honor destacar los nombres de dos
compadres de correrías que me acompañan desde la guardería, pasando por
escuela e instituto. Godino, excelso hedonista, debo darte las gracias a ti por
tu inquebrantable amistad, a tus padres y a tu buhardilla. Y Ramón, sé que lo
sabes, pero no hay persona más lenta comiendo pizza que tú. Os prometo que
no faltarán momentos para brindar por nuestros recuerdos y forjar de nuevos.
Me has acompañado en este corto tramo final y ya es mucho lo que debo
agradecerte. Las ranas croan tu nombre y la orquídea no te olvida, ¿quién soy
yo para no hacerles caso si me pirro por el pulpo a la gallega? Ojalá que todos
mis defectos y mis zapatillas de Julio Iglesias no malbaraten la ilusión que me
he propuesto insuflarte. Irene, prometo estarte agradecido.
xDos agradecimientos puntuales pero de gran relevancia en mi devenir: a
Muchacha Nui, por su seriedad en torno a esta broma absurda llena de ruido y
furia, y a la voz de Billie Holiday, porque en ocasiones consigue que olvide la
dolorosa falsedad de sus letras.
No quisiera desaprovechar el beneplácito para pedir perdón (ya que es
sencillo) a todos los que habéis sufrido mis histriónicas estridencias, mis gra-
cias sin gracia, mi verborrea, mi inoportuna bocachancla, mis comentarios mo-
lestos, mi odiosa pedantería y mi egoísmo congénito. Y ya que se me permite
(o eso creo), quiero señalar los obstáculos en el camino, que es tan de justicia
como dar las gracias. Me ha estorbado (y me estorba) la burocracia; ese ente
que olvida el porqué de su existencia, consume esfuerzos de forma cancerosa
y nos transforma en esKarabajos.
El lugar de honor final en este catálogo de agradecimientos no podría ser
ocupado por nadie más que por vosotros. Los que me habéis acompañado y
me acompañaréis hasta mi muerte. Puede que a los únicos que he sabido amar.
Gracias a vosotros no podré ser un caballo enjoyado, un asno con diadema o
un membrillo con birrete doctoral. Vuestra llamada muerta me hace sentir vi-
vo y os homenajeo diseminándoos por aquí y por allá para que algún avezado
os reconozca. Por vosotros sigo buscándole nombre al fuego infinito.
Junio de 2012
Contents
1 Resumen 1
1.1 Introducción general 1
1.2 Estructura, objetivos y resultados 4
1.3 Conclusiones generales 11
Informe del director 19
Microbial Macroecology
2 General introduction 21
2.1 A holistic approach to microbial community ecology 22
2.2 Ecological patterns and processes, and the problem of scale 25
2.3 Idiosyncrasy of microbial communities 30
2.4 Phylogenetic ecology as an integrative framework 34
3 Objectives 39
Part I: Phylogenetic meta-analysis of microbial 16S rRNA sequences
at a global scale
4 Global phylogenetic community structure and β-diversity patterns in
surface bacterioplankton metacommunities 45
4.1 Introduction 47
4.2 Methods 49
4.3 Results 52
4.4 Discussion 57
5 Euxinic freshwater hypolimnia promote bacterial endemicity in con-
tinental areas 65
5.1 Introduction 66
5.2 Methods 68
5.3 Results 71
xii CONTENTS
5.4 Discussion 72
6 Global ecological patterns in uncultured Archaea 79
6.1 Introduction 80
6.2 Methods 81
6.3 Results 84
6.4 Discussion 87
7 Phylogenetic ecology of widespread uncultured clades of the King-
dom Euryarchaeota 93
7.1 Introduction 94
7.2 Methods 96
7.3 Results 98
7.4 Discussion 104
Part II: Bacterial community ecology in Pyrenean lakes and the influ-
ence of Saharan desert dust deposition
8 A phylogenetic perspective on bacterial communities from high-
altitude Pyrenean lakes 111
8.1 Introduction 112
8.2 Methods 114
8.3 Results 118
8.4 Discussion 122
9 Structure and temporal patterns in microbial communities trans-
ported across continents during Saharan dust events 127
9.1 Introduction 129
9.2 Methods 131
9.3 Results 134
9.4 Discussion 139
Part III: Novel ecological approaches to pyrosequencing and metage-
nomics data
10 Using network analysis to explore co-occurrence patterns in soil mi-
crobial communities 147
10.1 Introduction 148
10.2 Methods 150
10.3 Results and discussion 152
CONTENTS xiii
11 Exploration of community traits as ecological markers in microbial
metagenomes 163
11.1 Introduction 164
11.2 Methods 165
11.3 Results and discussion 167
General discussion
12 Concluding remarks 181
12.1 Coda: Two neutral models for a unified theory of biodiversity 185
13 Conclusions 191
Bibliography
Bibliography 195

1
Resumen
1.1 Introducción general
El estudio de los microorganismos en cultivo puro ha propiciado el desarrollo
de la genética, la bioquímica y la biotecnología (Kluyver & Van Niel, 1956).
Sin embargo, la ecología ha permanecido reticente a incorporar a los micro-
organismos en su acervo teórico y experimental, principalmente debido a las
dificultades metodológicas para observar a los microbios en la naturaleza, y
como resultado de los caminos divergentes que han trazado las disciplinas de
la microbiología y la ecología general (Prosser et al., 2007). Mientras que los
ecólogos han sido tradicionalmente muy adeptos a las aproximaciones teó-
ricas y holísticas (e.g. Margalef, 1963), la investigación microbiológica se ha
basado principalmente en la perspectiva reduccionista. No obstante, desde
el advenimiento de las técnicas moleculares del gen ribosómico, los ecólogos
microbianos son capaces de indagar la distribución de los microbios en el am-
biente natural (Pace, 1997). Los datos derivan típicamente de la secuenciación
parcial del gen de la subunidad pequeña del ribosoma que se utiliza como
marcador taxonómico (Woese, 1987) con el fin de describir la composición, la
diversidad y los patrones de variación de las comunidades microbianas.
En general, la distribución geográfica de los microorganismos se considera
que se fundamenta exclusivamente en explicaciones puramente ecológicas.
Esta suposición queda expresada mediante la máxima todo está en todas partes;
pero el ambiente selecciona (Baas Becking, 1934). Este principio no implica la
ausencia de patrones biogegráficos, sino que la geografía suele ser irrelevante
debido al gran potencial dispersivo y a los enormes tamaños poblacionales de
los microbios.
2 Resumen
Una manera de abordar el problema en torno a la complejidad de las co-
munidades microbianas es adoptar aproximaciones holísticas e incrementar
la escala de observación (Solé & Bascompte, 2006; Maurer, 1999). Ya que la
impredecibilidad local es generalmente la característica más predecible de los
sistemas ecológicos complejos, cuando se aumenta la escala de descripción, la
variabilidad se reduce y la predicibilidad se incrementa (Levin, 1992). La dis-
ciplina de la macroecología busca ampliar el alcance de la ecología a mayores
escalas espaciales y temporales mediante análisis estadísticos comparativos
en lugar de métodos experimentales (Brown, 1995). Por lo tanto, se alcanza un
mayor potencial de generalización y síntesis sacrificando la delineación deta-
llada del fenómeno bajo estudio. Las comunidades microbianas son el siste-
ma ideal para estudiar patrones macroecológicos porque el número total de
células procariotas es astronómico (en torno a 1030), y porque la diversidad
microbiana se cree que podría llegar a ser del orden de 106−9 (Whitman et al.,
1998; Curtis et al., 2002).
Los ecólogos suelen distinguir tres perspectivas básicas para clasificar los
principales factores que influencian los patrones de composición y diversidad
de las comunidades biológicas. En primer lugar, la clásica explicación basa-
da en nichos ecológicos otorga relevancia a los filtros ambientales locales y al
principio de exclusión competitiva (Chase & Leibold, 2003). Por el contrario,
la segunda perspectiva postula que la formación de las comunidades es un
proceso fundamentalmente neutro basado en la dispersión y en procesos es-
tocásticos (Hubbell, 2001). Finalmente, la tercera aproximación enfatiza el pa-
pel de los factores históricos, principalmente especiación y dispersión a escala
regional, sobre los procesos locales (Ricklefs, 1987). Por lo tanto, la tarea pri-
mordial de la ecología de comunidades consiste en desentrañar la influencia
relativa de los procesos de nicho, neutros e históricos. No se trata de una tarea
sencilla ya que los patrones y los procesos subyacentes se interrelacionan a
diferentes escalas, y ningún mecanismo explica las regularidades observadas
a todas las escalas.
Es necesario la comprensión de los patrones de las comunidades micro-
bianas para poder interpretar la organización funcional de los ecosistemas y
para ser capaces de predecir la respuesta al cambio global (Fuhrman, 2009).
Sin embargo, la investigación de patrones en comunidades microbianas data
de fechas muy recientes. La cuestión de fondo que se plantea es si los patrones
para microorganismos difieren radicalmente de las regularidades observadas
en organismos macroscópicos (i.e. plantas y animales). Aunque esta cuestión
está lejos de ser resuelta, la biología de los microbios presenta ciertas parti-
cularidades que requieren una atención especial. En lugar preeminente se en-
cuentra el problema del concepto de especie en microorganismos asexuales.
Las bacterias y las arqueas no permiten una clasificación taxonómica consis-
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tente, ni si su tratamiento debe ser como grupos discretos o continuos, y ade-
más ponen en duda el patrón arbóreo de evolución biológica (Rosselló-Mora
& Amann, 2001). La evolución microbiana ocurre a un ritmo mucho mayor
que en macroorganismos, por lo que se ha propuesto que la gran diversidad
de microbios se debe a una alta tasa de especiación unida a una baja tasa de
extinción (Dykhuizen, 1998). Los dos mecanismos clave para comprender los
patrones de distribución y diversidad microbianos son la dispersión y la ca-
pacidad de latencia. Ambos son mecanismos alternativos para reducir la va-
riabilidad ambiental experimentada, y son fundamentales para la formación
de la denominada “biosfera rara” (Pedrós-Alió, 2006).
Como se ha mencionado previamente, los sistemas ecológicos son el resul-
tado de una combinación de procesos deterministas y estocásticos, junto con
restricciones históricas. El más importante de dichos factores históricos es el
hecho de que las especies no son entidades individuales, sino que sus seme-
janzas funcionales y ecológicas están conformadas a partir de patrones de as-
cendencia comunes (Felsenstein, 1985). En el campo de la ecología de comuni-
dades, sólo recientemente los investigadores han incorporado dichas relacio-
nes, representadas como filogenias, en sus análisis (Webb et al., 2002). Actual-
mente, las técnicas filogenéticas permiten determinar: (i) dónde se acumula la
diversidad biológica (Faith, 1992) y cómo ésta está intrínsicamente estructura-
da (Webb, 2000; Helmus et al., 2007), y (ii) cómo la β-diversidad filogenética
(i.e. la similitud entre comunidades basada en la historia evolutiva) está distri-
buida a lo largo de gradientes ambientales (Lozupone & Knight, 2005; Bryant
et al., 2008). Como recalcaba constantemente el profesor Ramon Margalef, la
ecología es el escenario donde la evolución desarrolla su función (Margalef,
1963). Como consecuencia, incorporar la topología filogenética a la ecología
de comunidades es revelador porque permite dirigir las preguntas ecológicas
hacia un contexto evolutivo.
4 Resumen
1.2 Estructura, objetivos y resultados
Esta tesis trata de demostrar que los patrones ecológicos de comunidades mi-
crobianas son susceptibles de ser analizados mediante la combinación de téc-
nicas filogenéticas y herramientas de estadística multivariante. El uso de téc-
nicas filogenéticas permite solventar, o al menos paliar, el hecho de la no inde-
pendencia de los organismos vivos debido a la ascendencia común (Felsens-
tein, 1985). Con la información ambiental adicional (como reflejo del determi-
nismo abiótico) y la información espacial (como amalgama de eventos históri-
cos y de dispersión), es posible explorar los posibles mecanismos que subya-
cen a la estructura y a la diversidad de las comunidades microbianas (Legen-
dre & Legendre, 1998).
1.2.1 Primera parte: Meta-análisis filogenético de secuencias
microbianas del gen 16S rRNA a escala global
Actualmente, la composición y la diversidad de las comunidades microbianas
pueden ser evaluadas mediante aproximaciones moleculares; incluso cuando
se desconocen los atributos funcionales y ecológicos de la mayor parte de sus
miembros. Las cuatro capítulos incluidos bajo esta sección utilizan métodos
comparativos a escala global: los dos primeros con comunidades acuáticas
bacterianas y los dos siguientes analizando comunidades de arqueas.
Capítulo 4: Patrones de β-diversidad y estructura filogenética de comunida-
des en metacomunidades de bacterioplancton a escala global 1
Este trabajo intenta identificar patrones filogenéticos de comunidades de gru-
pos de bacterias abundantes en el plancton (Alpha-, Beta-, y Gammaproteobac-
teria, Actinobacteria, Cyanobacteria, y Bacteroidetes) en sistemas acuáticos super-
ficiales distribuidos globalmente (34 localizaciones -tanto lagos como mares-
que suman 4500 secuencias del gen 16S rRNA). En cada localización se esti-
mó la riqueza de grupos bacterianos y sus relaciones genéticas mediante una
aproximación de filogenia de comunidades con el fin de (i) explorar aquellos
procesos ecológicos compatibles con los patrones filogenéticos observados, y
(ii) desentrañar los efectos espaciales y del ambiente en los patrones de β-
diversidad para los diferentes grupos de bacterias.
Las masas acuáticas terrestres presentaron significativamente una mayor
riqueza y diversidad de grupos bacterianos que las localizaciones marinas. És-
tas, por su parte, presentaron un porcentaje mayor de emplazamientos agre-
gados filogenéticamente. Los análisis de β-diversidad revelaron pautas con-
1Ver publicación completa en Barberán & Casamayor (2010).
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trastadas en función tanto de la composición de sales (aguas marinas/masas
acuáticas terrestres) como de la concentración salina. Se observó que dichos
patrones para el grupo Bacteroidetes estaban estructurados según la concentra-
ción salina, mientras que en Alphaproteobacteria y Gammaproteobacteria estaban
controlados según la composición de sales. Los grupos de Actinobacteria, Beta-
proteobacteria y Sphingobacteria fueron raramente detectados en aguas marinas
y aguas continentales salinas. En general y pese a la falta de una profusión de
datos contextuales, la similitud ambiental fue más determinante que la espa-
cial para la distribución de la β-diversidad de bacterioplancton. No obstante,
se detectó una señal geográfica para algunos grupos (i.e. Actinobacteria, Beta-,
y Gammaproteobacteria) en aguas continentales. A grandes rasgos, los análisis
indicaron diferencias entre grupos filogenéticos y reflejaron patrones intere-
santes para investigaciones subsiguientes en torno a la formación de comuni-
dades microbianas.
Capítulo 5: El hipolimnion euxínico en aguas dulces continentales promueve
el endemismo bacteriano2
Los dominios Bacteria y Archaea representan la vasta mayoría de la biodiver-
sidad de la Tierra. No obstante, la interacción entre los procesos ecológicos y
evolutivos en el mundo microbiano permanece desconocida. En este estudio,
se han explorado los patrones de comunidades planctónicas de bacterias que
habitan lagos estratificados con capas óxicas/anóxicas y euxinia. Se examinó
si esta estratificación vertical es promotora del endemismo en capas profundas
mediante el análisis de secuencias del gen ribosómico del 16S.
La similitud en la composición bacteriana mostró que las comunidades de
la misma capa de agua eran más parecidas entre lagos que las comunidades
de diferentes capas del mismo lago. Además, el hipolimnion anóxico presentó
mayor β-diversidad que el epilimnion óxico. Una mayor β-diversidad puede
ser atribuible a una baja dispersión y escasa conectividad entre territorios. Pa-
ralelamente, mientras que las aguas superficiales exhibieron un componente
espacial significativo, en el caso de las capas profundas, el componente sig-
nificativo fue el ambiental. Por lo tanto, diferentes mecanismos ecológicos ac-
túan simultáneamente en la misma masa de agua. En general, el endemismo
en bacterias es probablemente más común que lo supuesto con anterioridad,
particularmente en hábitats de aguas dulces aislados y ambientalmente hete-
rogéneos.
2Ver publicación completa en Barberán & Casamayor (2011).
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Capítulo 6: Patrones ecológicos globales en Archaea sin cultivar3
Al aplicar una aproximación filogenética global a organismos Archaea no cul-
tivados se han revelado patrones de comunidades definidos a lo largo de am-
plios gradientes y tipologías ambientales. El análisis se ha basado en unas
2000 secuencias del gen 16S ribosómico de arqueas provenientes de 67 locali-
zaciones. Dichas secuencias fueron agregadas al 97 % de identidad, clasifica-
das en siete tipos de hábitats, y analizadas tanto con UniFrac (para explorar
la historia filogenética compartida) como mediante árboles de regresión mul-
tivariantes (que consideran la abundancia relativa de los diferentes linajes).
Ambas perspectivas apuntaron a la salinidad como el factor regulador prin-
cipal a escala global. Las chimeneas hidrotermales y los hábitats planctónicos
continentales se postularon como los mayores reservorios de diversidad de
arqueas y, por lo tanto, como ambientes prometedores para el descubrimiento
de nuevos linajes. Por el contrario, los suelos exhibieron una mayor agrega-
ción filogenética, resultado de la presencia de filotipos relacionados estrecha-
mente. Se detectaron diferentes linajes indicadores para los distintos hábitats,
algunos de los cuales desconocidos a nivel ecológico. Según los análisis de
distribución de comunidades, las chimeneas hidrotermales parecen ser uno
de los primeros hábitats colonizados por arqueas. En resumen, este estudio
proveyó de soporte ecológico a la nomenclatura arbitraria de Archaea, a la par
que desveló aspectos filogeográficos relevantes en su biología.
Capítulo 7: Ecología filogenética de clados sin cultivar del reino Euryarchaeo-
ta4
A pesar de su extensa distribución y su gran diversidad filogenética, los mi-
croorganismos continúan siendo unos grandes desconocidos a nivel ecológi-
co. Con el fin de ahondar en la distribución ambiental y la historia evolutiva
se aplicó una aproximación de ecología filogenética basada en las secuencias
del gen 16S rRNA a dos grupos del reino Euryarchaeota, Lake Dagow Sediment
(LDS) y Rice Cluster-V (RC-V). La historia evolutiva inferida indicó que am-
bos grupos han sufrido evolución específica en cada ambiente, con algunos
notables eventos de transición entre hábitats. Comparado con otros grupos
microbianos de arqueas, ambos grupos presentaron remarcables niveles de
diversidad genética posiblemente fomentada por su adaptabilidad ambiental
y la heterogeneidad de las masas de agua continentales donde medran. Los
diversificación a lo largo de la historia filogenética se concentró tanto en los
instantes iniciales como en los más recientes. Para la mayoría de microorga-
3Ver publicación completa en Auguet et al. (2010).
4Ver publicación completa en Barberán et al. (2011).
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nismos, la diferenciación genética y fisiológica que habilita la explotación de
los recursos ambientales sigue desconocida. La inferencia de la historia evo-
lutiva a partir de filogenias moleculares basadas en el gen ribosómico del 16S
permite una perspectiva ecológica con la que escudriñar las estrechamente en-
trelazadas relaciones entre los linajes, el ambiente y la contingencia histórica
en el mundo microbiano.
1.2.2 Segunda parte: Ecología de comunidades bacterianas
en lagos pirenaicos y la influencia de las deposiciones de
polvo sahariano
Una vez asegurada la viabilidad de la aproximación filogenética usada en la
Primera Parte y de los análisis de redes desarrollados en el Capítulo 10 de esta
tesis, el foco de atención se desplazó de los análisis comparativos a escala glo-
bal a el análisis de datos originales a escala regional. El ecosistema escogido
fue el formado por los lagos de alta montaña localizados en el área de los Pi-
rineos catalanes en torno al Parque Nacional de Aigüestortes y el lago de San
Mauricio. El estudio de este sistema se remonta a inicios de los años ochenta
con la labor pionera del profesor Ramon Margalef (Catalan et al., 2006). Es-
te cambio de escala espacial facilitó la investigación del impacto de procesos
globales como la deposición de polvo atmosférico entre continentes en las co-
munidades microbianas a escala local y regional. El segundo de los trabajos
incluídos en esta sección es fruto de una colaboración con colegas de la Uni-
versidad de Colorado.
Capítulo 8: Una perspectiva filogenética de las comunidades bacterianas en
lagos pirenaicos de alta montaña 5
Las regiones montañosas suelen tener un variado mosaico de pequeñas ma-
sas de agua, y por lo tanto, conforman un adiente modelo biogeográfico de
ecosistemas cercanos geográficamente pero de gran heterogeneidad ambien-
tal. Además, el carácter aislado y prístino de estos lagos los hace excelentes
centinelas y testigos de los cambios climáticos. En este estudio se muestrearon
dieciocho lagos pirenaicos basándose en un criterio de selección que maximi-
zase la variación ambiental, y se secuenció el gen ribosómico de la subunidad
16S bacteriana con el objetivo de describir la composición filogenética, su dis-
tribución espacial y los patrones de β-diversidad.
Los resultados obtenidos demuestran que las comunidades bacterianas de
los lagos de los Pirineos presentan una mayor abundancia de Betaproteobacteria
5Manuscrito en preparación.
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y una menor abundancia de Alphaproteobacteria que otros ecosistemas planc-
tónicos de agua dulce. Se observó que los patrones de β-diversidad estaban
fundamental estructurados por el ambiente, siendo el gradiente de pH el más
determinante. De manera interesante, se detectó una relación positiva entre
el área de los lagos y la diversidad filogenética, con una pendiente acorde a
organismos planctónicos de alta capacidad dispersiva. La aproximación filo-
genética usada en este trabajo, por la cual se incorporan los patrones de as-
cendencia común en los análisis ecológicos de comunidades, resultó ser una
herramienta idónea para los estudios de conservación que recurrentemente se
han descuidado de los microorganismos.
Capítulo 9: Estructura y patrones temporales de las comunidades microbia-
nas transportadas entre continentes vía polvo atmosférico proveniente del
Sahara 6
El polvo originado en los grandes desiertos puede viajar largas distancias y ser
dispersado sobre superfícies de cientos de miles de kilómetros cuadrados. El
proceso de la deposición de polvo está viéndose incrementado a consecuencia
del cambio global y constituye una fuente de nutrientes y también un meca-
nismo para la dispersión microbiana intercontinental. Los lagos alpinos oligo-
tróficos son perfectos centinelas de la magnitud de este proceso, del destino
de los microbios colonizadores, y de la calidad microbiológica de la atmósfera
global.
En este trabajo, se estudió la composición de las comunidades microbia-
nas de tres hábitats potencialmente conectados atmosféricamente: el origen
de las plumas de polvo (i.e. arena del desierto del Sáhara), el transportador
atmosférico (i.e. la deposición que llega a la región montañosa de los Piri-
neos Centrales durante un periodo de tres años) y el colector natural de los
microorganismos aerotransportados (i.e. la interfase aire-agua de los lagos de
alta montaña). Se ha descrito la composición taxonómica, los patrones de β-
diversidad y la coincidencia en OTUs entre los tres hábitats. El porcentage de
OTUs compartidos fue del 10 % del número total de OTUs. Las comunidades
microbianas de la deposición atmosférica presentaron un claro patrón tem-
poral. En resumen, el estudio sugiere que existe una variabilidad consistente
y predecible en la dinámica y la distribución de las comunidades microbia-
nas aerotransportadas, y que las formas celulares viables con el potencial de
colonizar nuevos ambientes no sólo se restringen a las formas esporuladas.
6Manuscrito en preparación.
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1.2.3 Tercera parte: Nuevas aproximaciones ecológicas a da-
tos masivos de metagenómica y de pirosecuenciación
Recientemente, el estudio de la ecología de comunidades microbianas ha
avanzado considerablemente debido al advenimiento de nuevas técnicas
moleculares como la pirosecuenciación (Sogin et al., 2006) y la metagenómi-
ca (Venter et al., 2004) que generan multitud de datos genéticos. No obstante,
el ritmo de acumulación de información sobrepasa el ritmo al cual los científi-
cos pueden interpretar dichos datos. Bajo esta sección se agrupan dos trabajos
en los que se toman prestadas técnicas de la ciencia de sistemas complejos
y de la ecología general con el fin de adjudicar sentido ecológico a grandes
conjuntos de datos de información genética. El primero de los estudios es
fruto de una cooperación con colegas de la Universidad de Oregón, mientras
que el segundo surgió tras una estancia de colaboración en la Universidad de
Colorado.
Capítulo 10: Análisis de redes para la exploración de patrones de co-
ocurrencia en comunidades microbianas de suelos 7
La exploración de extensos conjuntos de datos generados mediante técnicas
de secuenciación masiva requiere nuevas aproximaciones analíticas para es-
cudriñar más allá de los inventorios descriptivos en torno a la composición y
la diversidad de las comunidades microbianas. Con el objetivo de investigar
potenciales interacciones entre clados de microorganismos, el análisis de re-
des basados en patrones de co-ocurrencia puede ser una herramienta útil para
descifrar la compleja estructura de estas comunidades.
En este trabajo, se aplicó el análisis de redes a un conjunto de datos del
gen ribosómico del 16S (más de 160000 secuencias) obtenido por pirosecuen-
ciación de 151 muestras de suelos. Se describió la topología de la red generada
y se definieron clados generalistas y especialistas en función de su abundancia
y presencia. Gracias a esta nueva perspectiva se pudieron apreciar patrones de
co-ocurrencia no aleatorios y estrategias comunes a amplios niveles taxonómi-
cos. En conclusión, se demostró el potencial de la exploración de correlaciones
entre clados para la aprehensión de ciertas reglas ecológicas que guían el en-
samblaje de las comunidades microbianas.
7Ver publicación completa en Barberán et al. (2012a).
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Capítulo 11: Caracteres a nivel de comunidad como marcadores ecológigos
en metagenomas microbianos 8
El ritmo de recopilación de información generada por la técnica de la meta-
genómica está desacoplado de su interpretación ecológica elocuente. Nuevas
aproximaciones analíticas basadas en la ecología de caracteres funcionales po-
drían ser de gran ayuda para solventar este desacoplamiento y extender dicha
aproximación al nivel de comunidad en complejos conjuntos de datos genó-
micos. El objetivo de este estudio fue la exploración de un grupo de caracteres
comunitarios que cubrían propiedades tanto nucleotídicas como genómicas
en 53 muestras metagenómicas acuáticas provenientes de la expedición GOS.
Como resultado, se encontraron diferencias significativas entre el perfil de
β-diversidad derivado del marcador taxonómico del gen ribosómico del 16S y
el perfil funcional. Los caracteres analizados discriminaron entre ecosistemas
marinos y entre océanos, por lo que se postulan como potenciales marcadores
ecológicos. Además, algunas relaciones entre caracteres podrían ser usadas
como señales particulares de hábitats o incluso como indicadores de artefac-
tos durante el procesamiento de muestras. Como conclusión, la perspectiva
analítica presentada puede ser fructífera para la interpretación de datos meta-
genómicos dentro de un riguroso marco ecológico.
8Ver publicación completa en Barberán et al. (2012b).
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1.3 Conclusiones generales
A pesar de algunos acercamientos durante el siglo XX, los estudios ecológicos
de microorganismos no forman históricamente parte de la ecología general,
sino que son una subdisciplina de la microbiología (O’Malley & Dupré, 2007).
En referencia a los patrones macroecológicos, existe la incertidumbre en torno
a la unidad ecológica de todas las formas de vida o si, por el contrario, los
microbios difieren radicalmente de animales y plantas. Aunque la ecología
microbiana ha permanecido hasta ahora en un fase descriptiva, semejante a la
ecología de plantas y animales durante el siglo XIX, es el momento de realizar
contribuciones relevantes desde el campo de la ecología de microorganismos
a la ecología general (Fierer, 2008). Muchos de los patrones que apoyan la evi-
dencia de la distribución ambiental y geográfica no aleatoria de los microbios
fueron estudiados durante décadas en comunidades vegetales y animales pe-
ro han sido ignorados por la microbiología hasta el advenimiento de las téc-
nicas moleculares que permiten analizar la composición de las comunidades
microbianas.
Durante la pasada década, la ecología microbiana lleva generando abun-
dantes datos moleculares. Actualmente, la combinación de herramientas bio-
informáticas y estadísticas junto con conceptos teóricos permite integrar a los
microorganismos dentro del campo de la ecología general (Capítulos 4, 5, 6, 7
y 10). En paralelo a los estudios ambientales del gen de la subunidad pequeña
del ribosoma, la nueva técnica de la metagenómica desafía a la comunidad
científica con un gran volumen de datos en la intersección de las disciplinas
de la microbiología, la genética, la ecología y la bioinformática. Por lo tanto,
la metagenómica está descubriendo una nueva faceta de la complejidad de las
comunidades microbianas al desplazar el foco de interés de la composición
taxonómica a la composición de genes funcionales (Capítulo 11).
Los observatorios microbianos en ambientes prístinos y remotos se postu-
lan como útiles centinelas del cambio global, y como testigos del transporte
atmosférico a larga distancia. Un primer paso prospectivo en torno a los me-
canismos de dispersión microbianos es el estudio de la deposición que viaja a
altas altitudes y llega a los lagos de alta montaña (Capítulos 8 y 9).
Si los estudios comparativos a gran escala entre ambientes contrastados
pueden ser una primera aproximación para comprobar los efectos de los lími-
tes a la dispersión en la estructura de las comunidades microbianas (Capítulos
4 y 5); estudiar la composición microbiana de la deposición atmosférica pue-
de ser importante para entender el papel potencial de la dispersión a larga
distancia y las estrategias de supervivencia de los microorganismos (Capítulo
9).
Aunque acumular información descriptiva sobre la composición microbia-
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na ambiental es todavía necesaria (como se ha llevado a cabo en los Capítulos
8 y 9), todavía parece más necesario desarrollar técnicas para poder analizar
los datos generados. Con este fin, se han tomado prestados métodos y con-
ceptos de la ecología (Capítulos 6 y 11), de la biología evolutiva (Capítulo 7)
y de la ciencia de los sistemas complejos (Capítulo 10) al campo de la ecología
microbiana. Además, se ha propuesto un método con el potencial de describir,
analizar y detectar posibles anomalías en datos metagenómicos (Capítulo 11).
Como culmen se propone un modelo neutro alternativo basado en las idio-
sincracias de las comunidades microbianas que puede ser el pilar y el marco
para futuras investigaciones.
1.3.1 Dos modelos neutros para una teoría unificada de la bio-
diversidad
Entender la estructura jerárquica y compleja de la biodiversidad (“el barro-
co de la naturaleza”, como solía referirlo Margalef) es una de las tareas más
desafiantes de la ciencia moderna (Solé & Bascompte, 2006). Mientras que la
teoría de nichos plantea que cada especie posee un conjunto de caracteres úni-
cos que le permiten adaptarse a un ambiente abiótico y biótico concreto (Chase
& Leibold, 2003); la teoría neutra centra su atención en procesos usualmen-
te desdeñados como la deriva ecológica y la dispersión (Hubbell, 2001). En
la formulación de Hubbell, todos los individuos de diferentes especies en la
comunidad son estrictamente equivalentes en referencia a sus posibilidades
de reproducción y muerte. Por lo tanto, las evidentes y archiconocidas dife-
rencias entre especies son irrelevantes para la predicción de patrones a gran
escala, siendo el punto crucial el determinar el alcance real de las diferencias
funcionales. Las comunidades ecológicas pueden parecer neutras debido a su
complejidad, con patrones que emergen de un proceso estadístico de intrinca-
da casuística. Por consiguiente, la teoría neutra se asemeja a la teoría cinética
de los gases: es una teoría ideal (Alonso et al., 2006).
El modelo descrito por la formulación original de Hubbell provoca cierta-
mente insatisfacción a cualquier ecólogo microbiano ya que no contempla las
idiosincracias propias de los microorganismos. La teoría neutra necesita de
dos modelos (uno para macroorganismos y otro para microorganismos) pa-
ra dar cuenta de toda la diversidad biológica. Aunque en ambos modelos los
mismos mecanismos evolutivos y de dispersión dan forma a la composición,
la diversidad y la dinámica de las comunidades naturales; existe una transi-
ción primordial en las escalas en las cuales dichos mecanismos operan.
En el modelo modificado para dar cabida a las comunidades microbia-
nas, la escala regional se desestima debido al gran potencial dispersivo de los
microbios, y la escala global gana en relevancia. Si en el modelo neutro de
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Hubbell para macroorganismos, las escalas local y regional están acopladas a
través de migración unidireccional (i.e. colonización desde la metacomunidad
hacia la comunidad local); en el modelo para microbios, a los individuos les es
permitido dispersarse a largas distancias y, por tanto, formar parte del acer-
vo global (la llamada “biosfera rara”; Pedrós-Alió, 2006) como resultado de
sus capacidades dispersivas y de latencia (Locey, 2010). De este modo, los or-
ganismos pueden abandonar las comunidades locales por extinción fortuita,
o por dispersión a larga distancia para formar parte del “banco de semillas”
global. Con el fin de parametrizar la elevada tasa de especiación de los micro-
organismos en comparación con la de plantas y animales (Dykhuizen, 1998),
la especiación tiene lugar a escala local. Aunque para la descripción de ambos
modelos se ha utilizado una formulación en términos discretos, el problemá-
tico concepto de especies para microbios asexuales sugeriría tratar la especia-
ción como un proceso continuo y no discretizado (Rosselló-Mora & Amann,
2001).
En resumidas cuentas, se ha intentado sugerir que la ecología de comu-
nidades microbianas debería aventajar la socorrida máxima de Baas Becking,
todo está en todas partes; pero el ambiente selecciona, hacia una teoría estocástica
simple formulada sobre mecanismos ecológicos y evolutivos conocidos.
1.3.2 Conclusiones
Las conclusiones generales de esta tesis son las siguientes:
• Tres procesos principales explican los patrones de comunidades: de-
terministas, estocásticos e históricos. Es esencial la incorporación de la
información filogenética en los análisis de comunidades para tener en
cuenta la estructura histórica de los organismos vivos (Introducción).
• Ciertas características idiosincráticas de los microorganismos (i.e.
alta especiación, alto potencial dispersivo y la capacidad de laten-
cia) son fundamentales para entender los patrones de comunidades
(Introducción).
• Las masas de agua aisladas y con elevada heterogeneidad ambiental pre-
sentan mayor diversidad microbiana (Capítulos 4 y 5).
• A escala global y con grupos taxonómicos amplios, el filtro por el am-
biente es más relevante que los procesos geográficos para explicar la es-
tructura de las comunidades microbianas (Capítulos 4, 5 y 6).
• Las comunidades de arqueas presentan patrones definidos a escala glo-
bal (Capítulo 6).
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• El estudio de clados de microorganismos sin cultivar se ve mejorado al
incorporar su patrón temporal de diversificación (Capítulo 7).
• Los ecosistemas acuáticos continentales son ambientes con gran poten-
cial para el descubrimiento de nueva diversidad microbiana (Capítulos
4, 5, 6 y 7). En concreto, la heterogeneidad ambiental en lagos pirenaicos
promueve una elevada diversidad filogenética (Capítulo 8).
• La diversidad filogenética de las comunidades bacterianas de lagos pi-
renaicos se adhiere a patrones biogeográficos conocidos (Capítulo 8).
• La deposición de polvo atmosférico actúa de puente entre las escalas
global y regional para las comunidades microbianas y su composición
presenta un patrón temporal regular (Capítulo 9).
• El análisis de redes permite la exploración inicial de patrones de co-
ocurrencia (Capítulo 10) y el análisis de caracteres funcionales, la des-
cripción y la interpretación de datos metagenómicos (Capítulo 11).
• Los componentes taxonómico y funcional muestran diferentes instantá-
neas de las comunidades microbianas. Su comparación puede resolver
la cuestión sobre la capacidad de adaptación (ya sea por variación fun-
cional o taxonómica) de las comunidades microbianas (Capítulo 11).
• Un modelo neutro que otorgue preponderancia a la escala global debido
a la dispersión a larga distancia y que sitúe la especiación a escala local
parece más adecuado para comunidades de microorganismos que los
formulados con anterioridad (Conclusiones).
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Microbial Macroecology

2
General introduction
The study of microorganisms in pure laboratory culture has delivered fruitful
insights into genetics, biochemistry and biotechnology (Kluyver & Van Niel,
1956). However, ecology has remained reluctant to incorporate microorgan-
isms in its experimental and theoretical underpinnings (but see Jessup et al.,
2004) mainly due to methodological difficulties in observing microorganisms
in nature 1, and as a result of the different paths followed by the disciplines
of microbiology and general ecology (Prosser et al., 2007). While ecologists
have traditionally been very prone to theoretical and holistic perspectives (e.g.
Margalef, 1963; Odum, 1969), microbiological research has relied on a reduc-
tionist approach. Understanding highly diverse microbial communities em-
bedded in a complex environmental milieu with ecological and evolutionary
processes operating at multiple spatial and temporal scales, certainly requires
the borrowing of ecological concepts and theoretical tools because:
No science has succeeded in understanding the structure and dynamics of
a complex system from a reductionist approach alone. Physicists have not
solved the three-body problem, molecular biologists have not recreated
an organism from its chemical constituents in a test tube, and neurobiol-
ogists have not been able to explain memory and cognition in terms of
interactions among neurons. (Brown, 1995, p. 15)
Notwithstanding, since the advent of 16S rRNA gene molecular tech-
niques, microbial ecologists are able to question the distribution of microor-
1Knowledge about the diversity of microorganisms is minimal comparing to plants and ani-
mals, where perhaps 90-99% of all species are known. In contrast, it is estimated that less than
1% of microbial diversity is known. Whereas 11,000 species of Bacteria and Archaea have been for-
mally described (http://www.bacterio.cict.fr); it is expected that the number of different bacterial
species present on Earth ranges between 106 to 109 (Dykhuizen, 1998; Curtis et al., 2002).
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ganisms in the environment (Pace, 1997). Data are tipically derived from
sequencing a portion of the small-subunit rRNA gene, which is seen as a
proxy for natural taxonomical units (Woese, 1987) in order to describe the
composition and diversity of microbial communities, and how communities
change across space, time, or experimental treatments. In the most recent
years the study of complex microbial assemblages has advanced considerably
due, in part, to methodological advances such as metagenomics and high-
throughput DNA sequencing technologies that yield detailed information on
the phylogenetic and functional composition of microbial communities (Ven-
ter et al., 2004; Sogin et al., 2006). Unfortunately, the rate of information
collection by molecular techniques is by far outpacing the rate at which
researchers can properly analyze and interpret the data.
Paraphrasing MacArthur & Wilson (1967, p. 181): “Microbial ecology has
been blindly triggered by technical developments and hence, has long re-
mained in a natural history phase, accumulating information about the biotic
composition. Without doubt this descriptive phase will continue to be of fun-
damental importance, but the field of microbial ecology is presently entering
a fascinating analytical and holistic phase.”
2.1 A holistic approach to microbial community ecol-
ogy
A holistic view of microbial ecology first needs to ascertain the geographic
distribution of diversity (i.e. biogeography) before examining complex pat-
terns and the underlying mechanistic processes. The birth of biogeography
is usually associated with the rejection by Carl Linnaeus (1707-1778) of the
biblical accounts of Noah’s Ark, and the recognition by the Comte de Buffon
(1707-1788) that New and Old World distributions of mammals were differ-
ent (O’Malley, 2008). The geographic distribution of organisms was at the core
of Darwin and Wallace’s evolutionary programme based on the mechanism of
natural selection.
Microbial geographical distribution has relied exclusively on ecological ex-
planations under the fundamental assumption that everything is everywhere:
but the environment selects (Baas Becking, 1934). This tenet, originally promul-
gated by the Dutch microbiologist Martinus Wilhelm Beijerinck (1851-1931)
and articulated by Lourens G. M. Baas Becking (1895-1963) 2, does not mean
that there are no biogeographical patterns, but due to microbial high dis-
2See Quispel (1998) for an overview of Baas Becking’s life and work, and De Wit & Bouvier
(2006) for a discussion about his original tenet.
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persability and large population size, geography is usually thought to be ir-
relevant. The reasoning behind Beijerinck’s statement was derived from Can-
dolle (1778-1841), who pointed to exceptions (i.e. cosmopolitanism due to un-
restricted dispersal) to Buffon’s law of nature, and explained in On the Origin
of Species:
the seeds and eggs of many low forms being very minute and better fitted
for distant transportation, probably accounts for a law which has long
been observed, and which has lately been admirably discussed by Alph.
de Candolle 3 in regard to plants, namely, that the lower any group of
organisms is, the more widely it is apt to range. (Darwin, 1859, p. 406)
Beijerinck believed that microbiology could contribute to a universal the-
ory of life (O’Malley, 2008). His convictions were transmitted to a broader
audience by the emerging Delft School, and his successor Albert J. Kluyver
(1888-1956) placed the basic principle at the core of general microbiology in
his Leeuwenhoek Lecture to the Royal Society in London:
In principle, owing to a continuous influx of airborne germs of all types,
everything will be everywhere, but the ecological factors-the environment
in the second part of Baas Becking’s phrase-will decide which germs will
proliferate, which germs will maintain themselves at a low numerical
level, which germs will die off. Experience teaches us that many microbial
species manage to survive at numerous spots on earth, these species may
be called ubiquitous in a more strict sense of the word. On the other hand
other species will only be found at places where very special conditions
prevail. (Kluyver, 1953, p. 153)
The topic of microbial geographic distribution has been customarily sim-
plified under Baas Becking’s unchallenged tenet, but microorganisms dwell
in diverse and complex communities whose intrinsic nature has been subject
of intense debate. The nature of ecological communities has to be traced back
to Stephen A. Forbes (1844-1930). He was impressed by the connectedness
of plants and animals living together in a lake, and stressed the impossibility
of studying completely any form out of relation to the other forms; the necessity for
taking a comprehensive survey of the whole as a condition to a satisfactory under-
standing of any part (Forbes, 1887). Sergei N. Winogradsky (1856-1953), con-
sidered the first microbial ecologist4, anticipated the ecosystem concept, and
exemplified several principles of community structure in his studies of soil
biology (Ackert, 2007). In general ecology, two opposed views structured the
3Darwin incorrectly cited the source as Alphonse de Candolle (the younger) instead of the
elder, Augustin de Candolle (O’Malley, 2008).
4See Dworkin (2012) for a biographical sketch of Sergei Winogradsky.
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debate during the 20th century: on the one hand a community as a group of in-
terdependent and inextricably linked organisms (Clements, 1916), and on the
other hand as random assemblages of individually distributed species (Glea-
son, 1926) supported by the distribution of populations over ecological gradi-
ents within regions (Whittaker, 1967). The gleasonian view has gained most
support and recent definitions consider the community as an epiphenomenon
with relatively little explanatory power (Ricklefs, 2008), or as a convenient as-
semblage at some arbitrarily study site for some arbitrary period of time that a
scientist selects for study (Brown, 1995). Although macrobial ecologists have
neglected any notion of communities with properties analogous to individ-
ual organisms, or superorganism, the perspective in microbial ecology may
not be akin on behalf of the lack of clear boundaries (i.e. genetic exchange
make boundaries more permeable; O’Malley & Dupré, 2007), and due to the
existence of closed systems such as microbial mats that operate as individ-
ual entities with tightly coupled oxidation-reduction gradients and restricted
vertical flows (Margalef, 1997; Guerrero et al., 2002).
One way to confront complexity is to adopt a holistic point of view (Mar-
galef, 1963, 1968; Odum, 1969; Solé & Bascompte, 2006), and to increase the
scale of description (Maurer, 1999). As local unpredictability is generally the
most predictable feature of complex ecological systems, when the scale of de-
scription increases, variability declines and predictability augments (Levin,
1992). The discipline of macroecology (Brown, 1995) seeks to broaden the
scope of ecology at much larger spatial and temporal scales by means of a
comparative statistical methodology instead of an experimental manipulative
one. Thus, it attains greater potential of generalization and synthesis but with
a less detailed delineation of the phenomenon under study. As a consequence,
macroecology is as much about the deductive effort of evaluating hypotheses as the in-
ductive effort of searching for patterns (Brown, 1995, p. 232).
Microbial communities are the ideal system to study macroecology. The
total number of prokaryotic cells is in the order of 1030, eight orders of mag-
nitude greater than the number of stars in the observable universe (Whitman
et al., 1998), and the number of species may be in the order of 106−9 (Curtis
et al., 2002). Although biological systems are characteristically variable (i.e. no
two biological systems are identical), patterns and regularities become evident
at larger scales (Maurer, 1999). This statement may seem restricted to biology
but the laws of physics and chemistry are statistical throughout 5 (Schrödinger,
5A basic assumption of quantum mechanics is that matter is composed of a large number of
small particles with inherent indeterminate properties. Hence, regular laws of classical newtonian
physics are only statistical approximations. The reason for regularity is that there are so many
particles involved that uncertainty becomes insignificant. The uncertainty is on the order of n−0.5,
where n is the number of particles involved. For a litre of gas molecules, the error would be a
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1944, p. 4). However, microbial communities are not completely sampled in
practice. As an example, a clone library of size 100 from a community with
actual size of 108 is only recovering one clone for every million individuals.
Despite unavoidable incomplete sampling, sequencing effort does not appear
to affect the ranking of richness (i.e. α-diversity; Shaw et al., 2008), or the pat-
terns of community similarity (i.e. β-diversity; Kuczynski et al., 2010). Thus,
the decreased cost of sequencing should be focused to increase the number of
samples rather than a deeper coverage of samples.
2.2 Ecological patterns and processes, and the
problem of scale
As enunciated by the ecologist Robert H. MacArthur 6(1930-1972), detecting
patterns is the fundamental step in every scientific inquiry:
The concept of pattern or regularity is central to science. Pattern implies
sort of repetition, and in nature it is usually an imperfect repetition. The
existence of the repetition means some prediction is possible -having wit-
nessed an event once, we can partially predict its future course when it
repeats itself. The imperfection of the repetition gives us the means of
making comparisons. (MacArthur, 1972, p. 77)
Ecologists typically distinguish three elementary perspectives on the dom-
inant factors that influence the patterns of community composition, diversity
and assembly 7. First, the classical deterministic niche-based following local
environmental filters and the principle of competitive exclusion. Early nat-
uralists, including Darwin, recognized that phenotypic attributes of species
could influence their interactions with other species and with the environ-
ment in predictable ways. The idea that similar phenotypes should share habi-
tat affinities was fundamental for the development of niche theory (Grinnell,
1924; Elton, 1946; Hutchinson, 1959, and reviewed in Chase & Leibold 2003).
In the 1920s and 1930s, theoretical developments tried to integrate ecological
and evolutionary thinking by the adoption of the principle of competitive ex-
clusion 8 (Hutchinson, 1959, 1961; Hardin, 1960; MacArthur & Levins, 1967)
negligible 10−17% (cited in Maurer 1999, p. 23, and original reference in Schrödinger 1944, p. 17).
6See Fretwell (1975) for a summary of MacArthur’s influence on ecology.
7Alternatively, a recent synthesizing effort that mimics the framework of population genetics
summarizes the processes influencing community ecology patterns to four classes: selection, drift,
speciation, and dispersal (Vellend, 2010).
8Microbial experimental systems played a central role in the development of the principle
of competitive exclusion (Jessup et al., 2004). G. F. Gause (1910-1986) coupled his laboratory
experiments containing bacteria, yeast and protists with the mathematical models of Lotka and
Volterra to ask why has one species been victorious over another in the great battle of life (Gause, 1934).
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that led to the proposal of community assembly rules (Diamond, 1975). This
basic idea around interactions limiting coexistence became one of the central
paradigms of community ecology and reinforced the convenient assumption
that evolutionary processes were not relevant at the time scales of ecological
observed patterns (Cavender-Bares et al., 2009). Nevertheless, empirical stud-
ies and theoretical models indicated the presence of evolved trade-offs that
prevent all species from occurring in all environments, thus permitting coex-
istence (Tilman, 1982; Chesson & Warner, 1981; Chesson, 2000).
Determinism (in the sense that if A causes B, then A must be always fol-
lowed by B) does not entail complete predictability. Deterministic chaotic dy-
namics sensitive to initial conditions exist in ecological systems composed of
complex networks of many species governed by multiple factors (May, 1974;
Solé & Bascompte, 2006). Contrariwise, in a stochastic or random process
there is some indeterminacy in its future evolution even though the initial con-
ditions are fixed. Probability or lack of determinism does not impose absence
of causation (i.e. A probabilistically causes B if A’s occurrence increases the
probability of B). Traditionally, stochasticity has been interpreted as imperfect
knowledge of a deterministic system but as we move towards the present, the
inherently indeterministic nature of causal systems is acknowledged 9. With-
out entering into the philosophical debate between determinism and inde-
terminism (quantum mechanics have extended it to the scientific arena), eco-
logical (and biological) systems are perceived with a certain degree of uncer-
tainty (Mayr, 1961). Hence, the second perspective to the deterministic niche
view postulates that community assembly is largely a neutral process 10 based
on stochastic processes and dispersal. This position was explicitly rejected by
Darwin due to his entire confidence on the determistic laws of nature:
When we look at the plants and bushes clothing an entangled bank, we
are tempted to attribute their proportional numbers and kinds to what we
call chance. But how false a view is this! (Darwin, 1859, p. 74)
A century later, the idea of stochasticity played however a central role in
the theory of island biogeography (MacArthur & Wilson, 1967), and gained
new prominence with the unified neutral theory of biodiversity (Hubbell,
9Universe’s deterministic nature is usually referred as the Laplace’s demon. Pierre-Simon
Laplace (1749-1827) stated that from the laws of classical mechanics and the knowledge of the
precise location and momentum of every atom in the universe, the past and the future of the
entire universe would be revealed.
10The idea of neutrality in population genetics was first introduced by Kimura (1968). The
neutral theory of molecular evolution enunciates that the vast majority of evolutionary changes at
the molecular level are induced by random drift of selectively neutral mutants. Both evolutionary
and ecological embracement of stochasticity reflect the same movement that occurred in physics
from classical Newtonian to relativistic Einstenean mechanics (Simberloff, 1980; Ulanowicz, 1999).
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2001). This perspective considers communities as open, non-equilibrial as-
semblages of ecologically equivalent species, whose abundance are governed
by random speciation and extinction, dispersal and ecological drift (Alonso
et al., 2006). Curiously, most of the general community patterns (see Table 2.1
for a short list) have been proven to arise from mere neutral models (Bell,
2001). Although ecologists have tried to discern the relative influence of deter-
ministic (niche) and stochastic (neutral) processes (for instance, by variance-
partitioning; Legendre & Legendre, 1998); it may be difficult to detect a truly
definable deterministic signal when there are lots of stochastic noise 11.
Finally, the third perspective emphasizes the role of historical factors (no-
tably, speciation and former dispersal at the regional scale) over local pro-
cesses (Ricklefs, 1987). Although this perspective has recently gained new
interest, it can be traced back to Charles Lyell (1797-1875) who was aware that
environmental determinism was insufficient to explain biogeographical re-
gions or endemisms (Bueno-Hernández & Llorente-Bousquets, 2006) 12. How-
ever, MacArthur (1965) argued that large-scale history and geography could
be ignored in the study of ecological communities because local processes
come into equilibrium so rapidly that processes on larger scales are incon-
sequential (see Ishida 2007 for a discussion about MacArthur’s ahistorical
approach to ecology). Although the increase of information may be an un-
avoidable manifestation of historical development (Margalef, 1997), historical
contingencies 13 should be always considered when dealing with biological
systems. Historical contingency is expected to be more relevant in ecosystems
with large regional species pools and low colonization rates (Chase, 2003).
Phylogenetic approaches (see section 2.4) may increase the ability to study
historical events and thus, the ultimate causes of community organization
11Twenty-five centuries ago, Democritus already expressed this fundamental duality with his
celebrated maxim Everything existing in the universe is the fruit of chance and necessity which gave
name to Jacques Monod’s book Chance and Necessity (Monod, 1971).
12Lyell’s Principles of Geology strongly influenced Darwin’s views on the geographical distribu-
tion of biological forms:
We are thus brought to the question which has been largely discussed by natu-
ralists, namely, whether species have been created at one or more points of the
earth’s surface. Undoubtedly there are very many cases of extreme difficulty, in
understanding how the same species could possibly have migrated from some one
point to the several distant and isolated points, where now found. Nevertheless the
simplicity of the view that each species was first produced within a single region
captivates the mind. He who rejects it, rejects the vera causa of ordinary generation
with subsequent migration, and calls in the agency of a miracle. (Darwin, 1859, p.
352)
13For an excellent and popularizing account on the role of historical contingency in macroevo-
lution see Stephen Jay Gould’s book Wonderful Life (Gould, 1989).
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and development because they can inquiry from proximate ecological circum-
stances to more evolutionary and/or biogeographical explanations (Losos,
1996).
Correspondingly, the main task of community ecologists is to disentan-
gle the relative influence of niche-related, neutral and historical processes
(see Figure 2.1) because ecological patterns arise through a intricate statisti-
cal process of causality. As mentioned before (see section 2.1), the classical
view in microbiology stated that stochastic or historical events are not rele-
vant. The recently developed theoretical framework of metacommunity ecol-
ogy, that is both ecological and biogeographic, tries to accommodate most of
these processes by explicitly including dispersal among communities (Leibold
et al., 2004; Holyoak et al., 2005). Leibold et al. (2004) formulated four differ-
ent perspectives: (i) species sorting, which assumes high dispersal and local
determinism, (ii) mass effects occur when dispersal is so high that it results
in source-sink dynamics, (iii) neutral, which assumes all species ecologically
equivalent, and (iv) patch dynamics imply a trade-off between dispersal ca-
pacity and competitive ability. If microorganisms are highly dispersible, meta-
community structure is expected to be dominated by species sorting and mass
effects rather than neutral or patch dynamics. Anyhow, local factors are in
general more straightforward to measure, and historical events, such as past
dispersal barriers or past environmental conditions, can only be presently ob-
served as spatial effects (Lindström & Langenheder, 2012). Functional infor-
mation (i.e. traits associated with the mechanisms by which organisms in a
community interact with each other and their environment) is of capital im-
portance for a deeper understanding of the interplay between patterns and
processes. However gathering functional trait data for microbial commu-
nities is extremely difficult, as most microorganisms in nature defy cultiva-
tion (Whitman et al., 1998). As an alternative approach, metagenomic (com-
munity genomics) techniques allow significant proportions of environmental
genomes to be sequenced (Handelsman, 2004).
As succinctly explored in this section, ecologists advocate for a plethora
of processes underlying the observed community patterns (Figure 2.1). A
supplementary layer of entanglement comes from the realization that some
mechanisms operate at different levels, or a process is the origin of patterns
at different levels (that is, a hierarchical structure 14). Patterns and processes
flourish one upon the other, and it becomes arduous to project the influence
14Stephen Jay Gould in his monumental The Structure of Evolutionary Theory advocated for a
hierarchical interpretation of evolution based on six levels: gene, cell, organism, deme, species
and clade (Gould, 2002). Darwin already considered evolution as a two-level structure: natural
selection acting on individuals (i.e. microevolution), and differential proliferation of clades (i.e.
macroevolution; for a discussion see Chapter 9 in Maurer, 1999)
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of a process at a particular scale over remote patterns and processes. To un-
derstand any given level in a biological hierarchy, it is required to examine
the properties of the lower level as well as the constraints (e.g. historical co-
ercions) imposed by the higher level (Salthe, 1985). No single mechanism ex-
plains trends on all scales, and the scale of observation certainly influences
the description of pattern (Levin, 1992). As a general rule, when increasing
the scale, the structure and behaviour of complex systems become predictable
(i.e. emergent patterns).
Global pool
Regional pool
Local
community
Historical factors
- Speciation
- Dispersal
Niche
- Abiotic
Historical factors
- Dispersal
Niche
- Abiotic
- Biotic
Stochasticity
- Extinction
{
{
Figure 2.1: Conceptual summary of the main processes influencing community composition,
structure and diversity at different spatial scales. All ecological and evolutionary processes con-
sidered have been encapsulated in three perspectives: deterministic (i.e. the biotic and abiotic
niche), stochastic, and historic. The demarcation of discrete spatial scales is arbitrary. Figure
modified from Soininen (2012).
Community assembly operates on both ecological and evolutionary time
scales, resulting in both recent and historical elements, and spatial patterns
arise by means of disparate regional and local processes (Hillebrand & Blenck-
ner, 2002). Accordingly, it seems very difficult to link short-term local pro-
cesses to global processes that occur over evolutionary time scales. At local
geographic scales with no dispersal limitation, environmental heterogeneity
is expected to be the major driver, while across larger scales the effects of dis-
persal limitation become more relevant and endemic variants may arise (see a
recent review focused on microorganisms in Whitaker, 2006). The problematic
issue with scale has resulted in the traditional separation between the fields of
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ecology and biogeography (Wiens & Donoghue, 2004).
Besides the temporal and spatial scale, there also exists the source of hier-
archy imposed by evolution on life forms (i.e. the taxonomic scale 15). Studies
of large clades are less likely to be well-resolved and will not yield insight
into short-term patterns, but instead provide information about regional spe-
ciation, extinction, and biogegraphical patterns from older time periods. We
would expect that the influence of historical contingency or dispersal limita-
tion may be more apparent both at finer levels of taxonomic resolution and
at the global scale (Fierer, 2008). Moreover, there exists hierarchical variabil-
ity regarding guild or trophic levels. For instance, nearly all plants share the
same resources while the metabolic diversity of microorganisms is astonish-
ing (Kluyver & Van Niel, 1956).
2.3 Idiosyncrasy of microbial communities
Microorganisms are recognized as key players in Earth’s ecosystems (Falkowski
et al., 2008), but the diversity and ecology of most microbial assemblages
remains poorly understood (Curtis et al., 2006). A more complete un-
derstanding of microbial patterns and processes is essential in order to
interpret ecosystem functions and to predict the Earth’s response to global
change (Fuhrman, 2009). However, only very recently microbial ecologists
have begun to inquiry about the patterns long known in the ecology of plants
and animals (Table 2.1).
The small size of microorganisms is of vital importance to comprehend
ecological scaling in structured assemblages. As stated by O’Malley & Dupré
(2007), an excesive focus on macroorganisms may have distorted several basic
aspects of our view of life. D’Arcy Thompson in his classical book On Growth
and Form early recognized the size scale dependence in the interpretation of
the world and how the microbial world scapes our regular human intuition:
In the end we begin to see that there are discontinuities in the scale, defin-
ing phases in which different forces predominate and different conditions
prevail. Life has a range of magnitude narrow indeed compared to that
with which physical science deals; but it is wide enough to include three
such discrepant conditions as those in which a man, an insect and a bacil-
lus have their being and play their several roles. Man is ruled by gravita-
tion, and rests on mother earth. A water-beetle finds the surface of a pool a
matter of life and death, a perilous entanglement or an indispensable sup-
port. In a third world, where the bacillus lives, gravitation is forgotten,
15For instance, the domain Bacteria is estimated to be approximately 3.5 billion years old (Schopf
& Packer, 1987), more than thirty times older than the ancestor of all birds (Padian & Chiappe,
1998).
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and the viscosity of the liquid, the resistance defined by Stokes’s law, the
molecular shocks of the Brownian movement, doubtless also the electric
charges of the ionised medium, make up the physical environment and
have their potent and immediate influence on the organism. The predom-
inant factors are no longer those of our scale; we have come to the edge
of a world of which we have no experience, and where all our preconcep-
tions must be recast. (Thompson, 1942, p. 771)
A key yet unsolved question is whether microbial community patterns dif-
fer from those of macroscopic organisms just because of size, or they are in fact
radically different from the rules affecting plants and animals and thus, they
cannot be extrapolated to microorganisms. Regarding this, Brown (1995) pos-
tulated that:
The physiological and ecological constraints of body size and the funda-
mental features of population and species dynamics are common to all
organisms. Consequently, I suspect that many of the macroecological pat-
terns and processes, with only minor or quantitative modifications, will
be equally general. (Brown, 1995, p. 174)
Anyhow, the biology of microorganisms entails some particularities that
deserve further attention for applying a community ecology approach. First
of all is the species concept. The genetically isolated lineage, often conceived
as the fundamental unit of evolution, may have no real analogue in the micro-
bial asexual world, and hence most of life and its history cannot be simply con-
ceived as an intelligible tree-like pattern (Maynard Smith et al., 1993; Doolittle
& Zhaxybayeva, 2009). Microorganisms refuse to show definable and con-
sistent taxonomic classification schemes, and it is unclear if they should be
treated as continua or as discrete clusters (Rosselló-Mora & Amann, 2001;
Konstantinidis & Tiedje, 2007). If horizontal gene transfer is far less common
than mutation, the situation is essentially clonal with a high degree of clus-
tering (Fraser et al., 2007). This seems to be the actual case with an estimated
gene uptake rate by lateral transfer on the order of 10−4 to 10−6 (Fraser et al.,
2007) and a mutation rate of 0.0033 per genome per DNA replication (Drake,
1991). Empirically, a definition of bacterial species has been based on DNA-
DNA cross-hybridization or sequence similarity in the 16S rRNA gene. Less
than 70% hybridization or less than 97% similarity have been proposed to be-
long to different species 16 (Stackebrandt & Goebel, 1994). As an alternative
for asexual microorganisms, the ecological species concept defines a species
as a set of individuals showing genetic cohesion and identical in their ecologi-
cal properties (ecotypes), and predicts that genetic diversity directly relates to
16Application of the same definition to apes would classify humans, orangutans and gibbons
as the same species (Sibley & Ahlquist, 1987).
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ecological diversity (Cohan & Koeppel, 2008). Microbial evolution can occur
very rapidly (compared to macroorganisms), potentially leading to conver-
gence of ecological and evolutionary time scales (Sniegowski et al., 1997). It
has been proposed that the large number of microbial species is due to low
extinction and high speciation rates (Dykhuizen, 1998).
Dispersal is a key mechanism for understanding community assembly and
structure because it can operate in short-term ecological scale and as histor-
ical contingency. The potential extent of microbial dispersal is expected to
be huge (Bovallius et al., 1978), although successful colonization actually in-
volves arrival and establishment. However, asexual microorganisms tend to
be excellent colonizers because of their dispersal capabilities and because a
single individual can form a new local population (Brown, 1995). The propor-
tion of species that are ubiquitous 17 purportedly decreases abruptly at 1 mm,
and cosmopolitanism of Bacteria, Archaea and protists genera is higher than
that observed for macroorganisms (Finlay, 2002). Highly dispersive species
are less likely to show a signature of their biogeographic history and are ex-
pected to show more effects of local environment and less effects of proximity
in their β-diversity patterns (e.g. Beisner et al., 2006). However, specialized
microorganisms to rare or extreme habitats may experience dispersal limita-
tion and geographic barriers (e.g. Whitaker et al., 2003), though measures of
actual microbial dispersal rates are limited.
A key question about the influence of dispersal is when (or at which
scales) does colonization or in situ evolution predominate in the assembly
process. Communities assembled through in situ evolution vs. those as-
sembled through dispersal may exist as a dynamic equilibrium between
the two extremes of a continuum (Curtis et al., 2006; Cavender-Bares et al.,
2009) because available ecological space is filled either by adaptation of early
occupants or by foreign colonization, depending on which occurs first. The
observation that ecologically relevant traits are phylogenetically conserved
has lent support to the hypothesis that it is more feasible to move than to
evolve (Cavender-Bares et al., 2009). Certainly, potential links between com-
munity ecology and macroevolution exist, though the biggest challenge is to
reconcile the mismatches of evolutionary and ecological patterns that emerge
at different spatial and temporal scales. Regretfully, the fossil record which
is the richest source of information on the historical events behind extant
communities (Jablonski & Sepkoski Jr, 1996) is mostly absent for Bacteria and
Archaea (see some exceptions in Schopf & Packer, 1987; Coolen & Overmann,
2007).
17The most ubiquitous organism found to date is the alphaproteobacterial SAR11 clade, pre-
dicted to comprise more than 20% of the total cells in the marine environment (Morris et al.,
2002).
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Besides dispersability, high speciation or low extinction, it could be consid-
ered dormancy as the crucial microbial distinctiveness for the comprehension
of the observed community patterns. Dormancy (i.e. a reversible state of low
metabolic activity) is a common strategy that allows microbial species to con-
tend to temporal variability of environmental conditions. The proportion of
dormant cells may represent up to 50% of total microbial cell counts in natural
communities (Lennon & Jones, 2011). Dispersal and dormancy are alternative
ways to reduce the experienced environmental variability (Levin, 1992). High
dispersal and dormancy are expected to be fundamental for the concept of the
rare biosphere illustrated by microbial rank abundance curves with extremely
long tails (i.e. dominated by low-abundance taxa). This concept is analogous
to the seed bank that represents a reservoir of genetic diversity that is capable
of responding to environmental change, contributing to the diversity and dy-
namics of future generations (Pedrós-Alió, 2006; Jones & Lennon, 2010). It also
allows competing species to coexist via the storage effect (Chesson & Warner,
1981; Chesson, 2000). Overall, dormancy should reduce the risk of local ex-
tinction through the recruitment from the seed bank, and should increase the
probability of successful colonization by avoiding mortality (Figure 2.2). In
the absence of dormancy, persistence is more dependent on immigration. Ad-
ditionally, the effects of dormancy should increase the expected richness in a
given habitat (α-diversity) but decrease species turnover (β-diversity; Locey,
2010; Lennon & Jones, 2011, and see Figure 2.2), and should enhance species
sorting (see previous section). Short generation times and dormant seed banks
may result in strong numerical advantage of first colonizers (i.e. priority ef-
fects and monopolization) in microbial habitats. Serial colonization may yield
a pattern of isolation by distance not driven by space itself but because of his-
torical colonization events, and thus, mosaic and enclave distributions may be
much more common in microorganisms than in macroorganisms (De Meester,
2011).
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Figure 2.2: Graphical representation of the predictions of the theory of island biogeography. Ac-
cording to MacArthur & Wilson (1967), the number of species (richness) on an island depends
primarily on the relative rates of immigration from the mainland and of extinction on the island.
If so, richness will eventually reach an equilibrium when the rate of immigration is balanced by
the rate of extinction. Thus, S = IPE+I , where S is the equilibrium richness, E and I the rates of
extinction and immigration respectively, and P the size of the source pool from the mainland. Dor-
mancy increases immigration rates and decreases extinction rates. As a consequence, richness
is higher (Sdormancy > S), but turnover is lower (Tdormancy < T). Figure modified from Locey (2010).
2.4 Phylogenetic ecology as an integrative frame-
work
As summarized in previous sections, biological (and ecological) systems are
the result of a number of deterministic and stochastic processes as well as
historical constraints. The most relevant historical coercion is that species are
not independent entities, but their functional and ecological similarities are
rather shaped by patterns of common ancestry:
Species are part of a hierarchically structured phylogeny, and thus cannot
be regarded for statistical purposes as if drawn from the same distribu-
tion. (Felsenstein, 1985, p. 1)
Or in Darwin’s words:
In considering the Origin of Species, it is quite conceivable that a natural-
ist, reflecting on the mutual affinities of organic beings, on their embry-
ological relations, their geographical distribution, geological succession,
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and other such facts, might come to the conclusion that each species had
not been independently created, but had descended, like varieties, from
other species. (Darwin, 1859, p. 3)
Phylogenetic comparative methods pioneered by the method of phy-
logenetic independent contrast (PIC) meant the first substantial effort to
address the statistical non-independence among species due to common
ancestry (Felsenstein, 1985; Ackerly, 2009). In the field of community ecology,
only recently researchers have incorporated historical constraints represented
as phylogenies in their analyses motivated by the fact that species interact
within the community based on their traits, and traits have an evolutionary
history (Webb et al., 2002). In a hypothetical world in which evolution was
rapid and unconstrained and in which any lineage had no dispersal limita-
tion, communities in similar environments would be also similar. However,
in the real world, evolution is constrained and lineages tend to be restricted
in geographic distribution (Losos, 1996). In order to account for this evidence,
a set of tools that aim to bridge the gap between evolutionary and ecological
analyses have been recently developed. Nowadays, ecologists can assess: (i)
where most of the biological diversity accumulates (Faith, 1992) and how it is
intrinsically structured (Webb, 2000; Helmus et al., 2007), and (ii) how phylo-
genetic β-diversity (i.e. similarity among communities based on evolutionary
history) is distributed along environmental gradients (Lozupone & Knight,
2005; Bryant et al., 2008; Ives & Helmus, 2010).
Species richness alone does not provide a measure of the diversity of lin-
eages that live in a region. Phylogenetic diversity (PD), the sum of the branch
lengths from the members within a community, is more inclusive that a simple
count of species richness because it quantifies the evolutionary history, and
is also believed to correspond to the number of evolutionary derived traits
within a biological community (Faith, 1992). Hence, PD will be higher when
there are more distantly related species in an assemblage.
Community phylogenetic structure 18 (i.e. the degree of phylogenetic re-
latedness within a community) provides insight into the ecological and evolu-
tionary drivers of community assembly. For instance, if closely related species
are similar in resource use, and competitive exclusion prevents co-occurrence,
18There exist two types of metrics of community phylogenetic structure. On the one hand, the
mean pairwise distance (MPD) measures the mean phylogenetic distance between all members
from each community, and the mean nearest taxon distance (MNTD) calculates the mean distance
separating each member from its closest relative (Webb, 2000; Webb et al., 2002). On the other
hand, the phylogenetic species variability index (PSV) quantifies how phylogenetic relatedness
decreases the variance of a hypothetical neutral trait shared by all members of a community. The
value is 1 when all species are unrelated (i.e. a star phylogeny) and approaches 0 as species
become more related (Helmus et al., 2007).
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then one expects that close relatives will not tend to coexist within local com-
munities, or quoting Darwin:
As species of the same genus have usually, though by no means invariably,
some similarity in habits and constitution, and always in structure, the
struggle will generally be more severe between species of the same genus,
when they come into competition with each other, than between species
of distinct genera. (Darwin, 1859, p. 76)
However, if environmental filtering is prevalent, close relatives that share
adaptations to particular habitats will co-occur more than expected. Because
many biological traits are generally conserved during the evolution of a lin-
eage, one would expect a positive relationship between phylogenetic related-
ness and ecological similarity; that is, on average species resemble their close
relatives (Losos, 2008). Phylogenetic clustering is consistent with environmen-
tal filtering or determinism, while phylogenetic overdispersion or evenness
can be explained by multiple factors such as biotic interactions (i.e. competi-
tion or facilitation), small-scale habitat heterogeneity, and even a filtering pro-
cess when the traits that promote success have evolved independently (Webb
et al., 2002; Cavender-Bares et al., 2009). Measuring traits is essential to dif-
ferentiate between processes because phylogenetic community analysis in the
absence of trait data has limited insights (Vamosi et al., 2009). Moreover, the
challenge is to explicitly define the ecological, spatial, and taxonomic scales
(see section 2.2) because the processes that structure the assembly of regions,
communities, and habitats differ, and can confound inferences about ecolog-
ical and evolutionary processes (Webb et al., 2002). Results available so far
suggest a stronger role for resource partitioning among closer relatives and at
smaller spatial scales, whereas habitat filtering dominates at larger spatial and
phylogenetic scales (see recent reviews in Vamosi et al., 2009; Cavender-Bares
et al., 2009).
Phylogenetic turnover or β-diversity or community similarity can be
defined as the fraction of branch length shared between two communi-
ties 19 (Lozupone & Knight, 2005; Bryant et al., 2008). Taxonomic or compo-
sitional β-diversity and phylogenetic β-diversity would be exactly the same
19Specifically, let A denote the sum of branch lengths that are shared between members of
communities x and y; let B denote the sum of branch lengths (that is, PD) leading only to members
of community x; and let C be defined correspondingly but for community y. Then,
UniFracx,y =
B + C
A + B + C
( Lozupone & Knight 2005)
PhyloSorx,y =
B + C
2A + B + C
( Bryant et al. 2008)
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between two communities if every species were equally related to every other
one, that is, a star phylogeny.
As constantly stated by Ramon Margalef 20, ecology (i.e., the interplay be-
tween biodiversity and the environment) is the scenario where evolution (i.e.,
the historical component of biological change) plays (Margalef, 1963). Phy-
logenies derived from molecular data provide an indirect record of the spe-
ciation events that have led to extant species, reflecting the tempo and mode
of macroevolutionary processes related to diversification (Mooers & Heard,
1997). However, the study of macroevolution in microorganisms suffers from
two obvious flaws: the lack of fossil records and the unknown scope of the
true diversity (Curtis et al., 2002). Different interpretations have arisen when
explaining the observed patterns of microbial diversification along time. In
a recent meta-analysis using phylogenetic trees inferred for microorganisms,
the general pattern conformed to expectations assuming a constant specia-
tion rate (Martin et al., 2004). Contrastingly, a meta-analysis using molecular
phylogenies of macroorganisms indicated that although clades showed great
heterogeneity, most of them showed rapid lineage accumulation early with a
slowing more recently. The missing component in these macroevolutionary
interpretations is the ecological context of speciation and extinction. Clades
diversify in an ecological context, but most models do not directly encapsu-
late the ecological mechanisms that influence speciation. A recently published
metacommunity model was able to generate the full range of patterns by sim-
ply manipulating the degree of ecological differentiation of new species at the
time of speciation (McPeek, 2008). The model implies that for a complete un-
derstanding of the true macroevolutionary dynamics of ecosystems, the eco-
logical interactions that shaped the history of the clades have to be accounted
for.
By providing a temporal dimension to community ecology, phylogenetic
information allows ecologists to assess when and where traits originated, and
consequently, whether communities are primarily assembled through in situ
evolution or through dispersal (Cavender-Bares et al., 2009). Thus, incorporat-
ing phylogenetic information into community ecology is enlightening because
20Ramon Margalef (1919-2004) was the pioneer of ecology in Spain (for a short introduction
to his life and work see Herrera, 2005). His intuitive and integrative approach to nature was
summarized by himself:
For most topics that concern ecology, I like poets more than lawyers, and feel more
inclined to phantasy, feeling and inspiration than to rigor, consistency and even
responsibility. In my views on environmental problems, I feel more attracted by
the origin of the troubles and what they tell us about the workings of the biosphere
than by their solutions, at least in the way the problem is usually being faced at
present. (Margalef, 1997, p. 2)
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it allows ecological questions to be addressed in an evolutionary context:
Phylogenetic approaches thus should be seen as an integral component
of studies of the causal basis of community structure [...] if one is inter-
ested in comparing the structure of communities or investigating how a
community came to its present state, then phylogenetic information is in-
dispensable for both generating and testing hypotheses. (Losos, 1996, p.
1352)
For uncultured microorganisms, how they differ in the genetic or physio-
logical traits used to exploit the environmental resources is largely unknown,
but we can start exploring the ecological processes underlying community
assembly and diversification patterns through a phylogenetic ecology frame-
work that takes into account the non-independence of living organisms be-
cause the living system performs the role of a witness of the historical progress (Mar-
galef, 1996).

3
Objectives
There are no better words to commence this section than those of the polymath
scholar Sir D’Arcy Wentworth Thompson (1860-1948):
Natural history deals with ephemeral and accidental, not eternal nor uni-
versal things; their causes and effects thrust themselves on our curios-
ity, and become the ultimate relations to which our contemplation ex-
tends. (Thompson, 1942, p. 3)
Coarsely mimicking the beautiful prose of D’Arcy Thompson, I can say
that my contemplation during the PhD period has extended on ephemeral
and accidental microbial communities, along with their effects (i.e. patterns)
and causes (i.e. processes).
Precisely, the general τε´λoς of any PhD dissertation should be explicit in
its title. Hence, in this thesis I argue that novel insights into microbial com-
munity patterns arise when phylogenetic relatedness are used in conjunction
with multivariate statistical techniques in the context of broad scales of de-
scription. The multivariate statistical technique of ordination was originally
developed in ecology to array species along synthetic statistical gradients that
represented covarying associations without presupposing any particular pro-
cess (Bray & Curtis, 1957; Whittaker, 1967). With the additional information
of environmental variables (as a surrogate of abiotic determinism) and spatial
distribution (as a surrogate of an admixture of historic and stochastic events),
I have been able to explore some possible mechanisms underlying the struc-
ture and diversity of microbial communities (Legendre & Legendre, 1998). In
order to address the problem of non-independence of species due to common
ancestry (Felsenstein, 1985), I made extensive use of phylogenetic techniques
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whenever it was appropriate (Webb et al., 2002). The detailed objectives fol-
lowing the structure of this dissertation are given below:
Part I: Phylogenetic meta-analysis 1 of microbial 16S
rRNA sequences at a global scale
The composition and diversity of microbial communities can now be assessed
with molecular approaches, even when most of the members have never been
cultured so little is known about their functional or ecological attributes. All
four chapters included under this section share a global scale meta-analytical
motive because general principles can only come from comparative analyses of many
studies done using comparable techniques of data collection and analysis or by expand-
ing the scale of data collection (Maurer, 1999, p. 54).
The specific objective of the first two chapters was to contrast different wa-
ter masses (i.e. the oceanic continuum versus lakes as islands embedded in
a sea of land, and the epilimnia versus the isolated hypolimnia of stratified
lakes). Aquatic environments are ideal ecosystems to test differences in bacte-
rial community composition and structure caused by dispersal limitation and
environmental filtering.
• Chapter 4 compares the bacterioplankton composition, community phy-
logenetic structure and phylogenetic β-diversity patterns between lakes
and oceans, and for different taxonomic groups (Barberán & Casamayor,
2010).
• Chapter 5 compares planktonic freshwater bacterial diversity and phy-
logenetic β-diversity patterns between the well-oxygenated upper wa-
ter mass (epilimnion) and the anoxic bottom water compartment (hy-
polimnion) from stratified lakes (Barberán & Casamayor, 2011).
The last two chapters of this section are devoted to the phylogenetic ecol-
ogy of uncultured Archaea.
• Chapter 6 uses a global approach similar to Lozupone & Knight (2007)
in order to assess the environmental factors that shape archaeal diver-
sity, phylogenetic community structure and taxa distribution across
1Rigorously, the statistical term meta-analysis is not correctly used. Instead I should have de-
scribed my approach as comparative analysis. However, this term applied to the context of phylo-
genetic information appeals to a set of methods, inaugurated by the evolutionary biologist Joseph
Felsenstein, with a totally different purpose (Felsenstein, 1985).
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seven distinct natural habitats (freshwater plankton, freshwater sedi-
ment, soil, marine plankton, marine sediment, hypersaline plankton,
and hydrothermal vents; Auguet et al., 2010).
• Chapter 7 focuses on two diverse groups of freshwater Euryarchaeota,
Lake Dagow Sediment (LDS) and Rice Cluster-V (RC-V). We explored
the ecological differentiation along the evolutionary history of both
groups, and their temporal diversification patterns (Barberán et al.,
2011).
Part II: Bacterial community ecology in Pyrenean
lakes and the influence of Saharan desert dust depo-
sition
Once stated the viability of the phylogenetic approach used in Part I and the
network analysis developed inChapter 10, the focus moved from comparative
analyses of microbial communities at the global scale to the analysis of origi-
nal data at the regional scale. The ecosystem chosen was the high mountain
lakes located in the Spanish Pyrenees mountain range within and around the
AigüesTortes and Estany de St. Maurici National Park. The study of this sys-
tem began in the early 80s with the initial impulse of Ramon Margalef (Catalan
et al., 2006). The change of scales allowed the investigation of the impact of
global processes (such as atmospheric dust deposition across continents) in
microbial assemblages at the local and regional scales.
• Chapter 8 describes the bacterial community composition of eighteen
high-mountain lakes in the Pyrenees, compares their phylogenetic di-
versity with other aquatic environments, and identifies the main envi-
ronmental and geographical factors driving β-diversity patterns. High
mountain lakes conform an interesting biogeographical model of spa-
tially close but environmentally heterogeneous ecosystem. In this study,
we found a significant relationship between lake area and phylogenetic
diversity (Manuscript in preparation).
• Chapter 9 applies pyrosequencing techniques to characterize the micro-
bial communities inhabiting three different habitats associated with air-
borne dust: the source of dust plumes (i.e. soil samples from the Sa-
haran desert), the atmospheric carrier (i.e. dust deposition sinking on
the Central Pyrenees area), and the collector of the deposited dust (i.e.
44 Objectives
the neuston of high mountain lakes). Although the short reads gener-
ated by high-throughput sequencing techniques circumvent the infer-
ence of accurate phylogenies, in collaboration with colleagues from the
University of Colorado, we tried to determine the potential for dust-
associated microbial communities to successfully colonize distant envi-
ronments. Hence, we explored how microbial diversity at the regional
scale is linked by long-distance dispersal to the global scale (Manuscript
in preparation).
Part III: Novel ecological approaches to pyrosequenc-
ing and metagenomics data
Recently, the study of microbial community ecology has advanced consider-
ably due to methodological advances such as pyrosequencing (Sogin et al.,
2006) and metagenomics (Venter et al., 2004) that generate copious molecular
information. However this rate of information gathering is exceeding the eco-
logical interpretation rate. In this section, I applied analytical tools from com-
plex systems science (i.e. network analysis) and general ecology (i.e. func-
tional traits analysis) in order to confer ecological meaning to large datasets
of genetic information. Thus, the main objective of this section was to bring
methods and concepts from other fields to microbial ecology.
• Chapter 10 explores co-occurrence patterns of soil microorganisms by
network analysis. Thus, we tried to analyze the biotic component by
itself without explicitly incorporating the environmental or spatial com-
ponents (although it is implicitly assumed in the correlation approach
used). We used a large pyrosequencing dataset obtained by colleagues
from the University of Colorado that consisted of more than 160,000
bacterial and archaeal 16S rRNA sequences from 151 soil samples dis-
tributed worldwide (Barberán et al., 2012a).
• Chapter 11 explores a set of community traits in 53 metagenomic aquatic
samples from the Global Ocean Sampling expedition (Rusch et al., 2007).
In collaboration with colleagues from the University of Oregon, we pro-
pose that some measures summarize the properties of the community
as a single unit and may help to interpret complex metagenomics data.
Furthermore, we compared the taxonomic and functional contents of
microbial communities with the objective of trying to solve whether lo-
cal assemblages adapt more efficiently by the modification of the ge-
nomic repertoire (i.e. functional adaptation) or by the taxonomic re-
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placement (i.e. dispersal and colonization) of their members (Barberán
et al., 2012b).

Part I: Phylogenetic
meta-analysis of microbial 16S
rRNA sequences at a global
scale

4
Global phylogenetic
community structure and
β-diversity patterns in surface
bacterioplankton
metacommunities
Resumen
Este trabajo intenta identificar patrones filogenéticos de comunidades de gru-
pos de bacterias abundantes en el plancton (Alpha-, Beta-, y Gammaproteobac-
teria, Actinobacteria, Cyanobacteria, y Bacteroidetes) en sistemas acuáticos super-
ficiales distribuidos globalmente (34 localizaciones -tanto lagos como mares-
que suman 4500 secuencias del gen 16S rRNA). En cada localización se esti-
mó la riqueza de grupos bacterianos y sus relaciones genéticas mediante una
aproximación de filogenia de comunidades con el fin de (i) explorar aquellos
procesos ecológicos compatibles con los patrones filogenéticos observados, y
(ii) desentrañar los efectos espaciales y del ambiente en los patrones de β-
diversidad para los diferentes grupos de bacterias.
Las masas acuáticas terrestres presentaron significativamente una mayor
riqueza y diversidad de grupos bacterianos que las localizaciones marinas. És-
tas, por su parte, presentaron un porcentaje mayor de emplazamientos agre-
50
Global phylogenetic community structure and β-diversity patterns in surface
bacterioplankton metacommunities
gados filogenéticamente. Los análisis de β-diversidad revelaron pautas con-
trastadas en función tanto de la composición de sales (aguas marinas/masas
acuáticas terrestres) como de la concentración salina. Se observó que dichos
patrones para el grupo Bacteroidetes estaban estructurados según la concentra-
ción salina, mientras que en Alphaproteobacteria y Gammaproteobacteria estaban
controlados según la composición de sales. Los grupos de Actinobacteria, Beta-
proteobacteria y Sphingobacteria fueron raramente detectados en aguas marinas
y aguas continentales salinas. En general y pese a la falta de una profusión
de datos contextuales, la similaridad ambiental fue más determinante que la
espacial para la distribución de la β-diversidad de bacterioplancton. No obs-
tante, se detectó una señal geográfica para algunos grupos (i.e. Actinobacte-
ria, Beta-, y Gammaproteobacteria) en aguas continentales. A grandes rasgos, los
análisis indicaron diferencias entre grupos filogenéticos y reflejaron patrones
interesantes para investigaciones subsiguientes en torno a la formación de co-
munidades microbianas.
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Abstract 1
We aimed to identify phylogenetic community patterns in abundant plank-
tonic bacteria (Alpha-, Beta-, and Gammaproteobacteria, Actinobacteria, Cyanobac-
teria, and Bacteroidetes) from a worldwide range of surface waters (lakes and
seas -34 sites and ca. 4,500 16S rRNA gene sequences). At each site we as-
sessed the number of observed bacterial groups and the genetic relatedness of
the most abundant groups through a community phylogenetic meta-analysis
approach in order to (1) explore which potential ecological processes were
consistent with the observed phylogenetic patterns in community assembly
and (2) disentangle the effects of space and environment in β-diversity pat-
terns for the different bacterial groups. Inland waters had significantly more
bacterial groups and were more diverse than marine waters. Marine habitats
showed a higher percentage of clustered sites than lakes, and bacterial com-
munities were more closely related than expected by chance. Phylogenetic
β-diversity analyses revealed different patterns to both salt composition (ma-
rine vs. inland salt lakes) and salt concentration for the dominant bacteria. We
observed that while β-diversity patterns for Bacteroidetes were mostly shaped
by salinity concentration, patterns in Alphaproteobacteria and Gammaproteobac-
teria were controlled by salt composition. Actinobacteria, Betaproteobacteria and
Sphingobacteria were largely absent from marine habitats and from saline con-
tinental sites. In general and despite the lack of contextual metadata, environ-
mental similarity was more relevant than spatial distribution for bacterial β-
diversity patterns. However, we detected a geographic signal for some inland
waters’ groups (i.e. Actinobacteria, Beta-, and Gammaproteobacteria). Overall,
the analyses indicated differences among phylogenetic groups and reflected
patterns upon which further exploration of community assembly theory could
be based.
4.1 Introduction
Biogeography explores how and why biological diversity changes along
geographical scales. In the case of microorganisms, this topic had until re-
cently received very little attention; the traditional statement “everything is
everywhere, but the environment selects” (Baas Becking, 1934) summarized
what was expected for microorganisms, i.e. on the one hand, high dispersal
rates due to large population sizes and short generation times (Fenchel,
2003) and, on the other hand, environmental determinism in agreement with
classical niche-assembly theories. Nonetheless, endemism, dispersal limita-
1See original publication in Barberán & Casamayor (2010).
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tion and stochasticity have also been recently shown in different microbial
groups (e.g. Whitaker et al., 2003). In this context, the timely debate between
neutral and niche views on species distribution offers many opportunities
to test new hypotheses with microbial communities. The neutral theory of
biodiversity (Hubbell, 2001) assumes that the abundance of species is driven
by random dispersal and stochastic extinction, and species are assumed
to be ecologically identical. Conversely, the niche-assembly view looks at
environmental adaptations to explain the abundance and distribution of
species (Hutchinson, 1961).
The emerging field of metacommunity ecology tries to combine the neu-
tral and niche views, recognizing different dispersal and niche-based pro-
cesses (see a recent review by Leibold et al., 2004). Metacommunity ecology
focuses on sets of local communities linked by the potential dispersal of in-
dividuals. Two opposing forces potentially shape local community structure:
different local environmental factors could lead to divergence of the commu-
nities, while high dispersal rates could homogenize the connected commu-
nities. Different types of metacommunities have been proposed depending
on the relative importance of dispersal and niche-based processes (Cottenie,
2005), and each type conceptualizes different complex dynamics of potential
importance for the metacommunity. The neutral model (NM) assumes that
random processes drive species abundances. Conversely, the species-sorting
(SS) view emphasizes environmental adaptations to explain the abundance
and distribution of species. Under the patch-dynamics model (PD), commu-
nity composition is defined by a tradeoff between dispersal and competitive
ability, with no habitat quality differences among patches. Finally, the mass-
effect model (ME) mainly relies on the effect of immigration on local dynam-
ics. In the case of aquatic ecosystems, these concepts have been applied to
zooplankton (e.g. Cottenie & De Meester, 2004) and recently to bacterioplank-
ton community ecology (e.g. Lindström & Logue, 2008).
For bacteria, many worldwide comparable 16S rRNA gene surveys are ac-
cessible from public databases, facilitating the integration of phylogeny and
community ecology. Initial attempts have focused on the global distribution
of prokaryotic communities in oceans (Pommier et al., 2007; Fuhrman et al.,
2008), soils (Fierer & Jackson, 2006), and a mixture of terrestrial and aquatic en-
vironments (Lozupone & Knight, 2007; Auguet et al., 2010), and general eco-
logical patterns have emerged from the study of 16S rRNA gene datasets (e.g.
taxa-area relationships; Horner-Devine et al., 2004; Reche et al., 2005). Statis-
tical methods that compare phylogenetic tree topology of different communi-
ties and metrics that quantify the distribution of taxa in a single sample rela-
tive to a pool of taxa (Webb, 2000) can be applied to microbes (Horner-Devine
& Bohannan, 2006; Newton et al., 2007).
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Here we focused on whether or not phylogenetic community patterns exist
for some of the most abundant planktonic bacterial groups (Alpha-, Beta- and
Gammaproteobacteria, Actinobacteria, Cyanobacteria and Bacteroidetes) in a world-
wide range of lakes and seas. Even though the bacterial groups selected have
members with different ecophysiology, consistent ecological trends have been
observed at such broad clustering levels (e.g. Glöckner et al., 1999; Bouvier &
del Giorgio, 2002; Demergasso et al., 2004). At each site, we assessed the com-
munity phylogenetic diversity with an index (Faith, 1992) that takes into ac-
count the number of sequences (i.e. species richness) and the phylogenetic re-
lationship among them (branch length). The different tree topologies (shape)
were examined using two indices, i.e. the net relatedness index (NRI) and the
nearest taxa index (NTI; Webb, 2000) to estimate whether or not the bacterial
assemblages exhibited significant phylogenetic structure. Although different
scenarios could lead to the same patterns observed in the data, it has been
proposed that those communities primarily structured by competitive exclu-
sion would be less closely related than expected by chance (overdispersed, i.e.
evenly spread across the phylogenetic tree), whereas communities structured
by habitat filtering would be more closely related (i.e. clustered). Finally,
phylogenetic β-diversity patterns were explored (changes in species composi-
tion along environmental/spatial gradients and among communities), as well
as the qualitative salinity effect by comparing thalassohaline (i.e. salt com-
position similar to seawater) and athalassohaline (salt composition different
from seawater) water masses. Inland (i.e. isolated water bodies understood
as ’pond as a patch’) and marine sites (well-connected environments) offered
a useful contrasting framework to explore the most plausible mechanisms re-
sponsible for the phylogenetic diversity, structure and β-diversity patterns ob-
served for the different bacterial groups.
4.2 Methods
4.2.1 Data set characteristics
After a bibliographic search we found 34 different locations that carried out
extensive clone libraries (> 40 valid sequences of the bacterial 16S rRNA gene
per site) of surface or epilimnetic waters, for a total of 7,154 sequences. How-
ever, some data sets were already available in databases as non-redundant
97% identity-grouped sequences, a consensus value for delimiting bacte-
rial species, but not without concerns (Rosselló-Mora & Amann, 2001), and
only 1 sequence for each 97% cut-off group was reported (see Appendix).
Therefore, to minimize the bias introduced by the different sampling ef-
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forts for each clone library and to agree on a conservative phylogenetic
criterion, we grouped the remaining data at 97% identity using the per-
centage sequence identity (PSI) algorithm of the online program FastGroupII
(http://biome.sdsu.edu/fastgroup/). Sequences shorter than 300 nucleotides
were also discarded. Therefore, a non-redundant, consistent (all sequences
obtained from the same cloning methodology), and balanced (equal number
of marine sites and lakes, although with different sampling effort in each case
that we corrected using randomized subsamples, see below) data set of 4,495
sequences was retained for further analysis (see Appendix for more detailed
information).
4.2.2 16S rRNA gene sequence data analysis
The 16S rRNA gene pool was automatically aligned with the NAST align-
ment tool (DeSantis et al., 2006a). Next, the aligned data set was imported
into the ARB software package (Ludwig et al., 2004) and was added by
parsimony to the optimized Greengenes tree provided by default (>130,000
sequences, May 2007 release). Each 16S rRNA gene sequence was assigned to
a bacterial phylogenetic group (e.g. Alpha-, Beta-, Gamma-, and Deltaproteobac-
teria, Actinobacteria, Cyanobacteria, Bacteroidetes, Firmicutes, Planctomycetes,
and Verrucomicrobia) in a hierarchy based on the Ribosomal Database Project
(http://rdp.cme.msu.edu).
4.2.3 Community phylogenetic analyses
PD for each community was calculated as the sum of the branch lengths asso-
ciated with the overall 16S rRNA sequences obtained from that sample. Thus,
PD takes into account the number of sequences (i.e. species richness) and the
phylogenetic relationship among them (Faith, 1992). Richness and Shannon
diversity index were calculated for each site at the taxonomic level selected.
To correct for unequal sample sizes, we calculated the mean of the richness,
the Shannon diversity, and PD of 1,000 randomized subsamples for each com-
munity (Bryant et al., 2008). The subsample size was the number of sequences
present in the smallest community.
Subsequent analyses were carried out selecting the most abundant groups
(to make the phylogenetic inference reliable) present at all sites (to give consis-
tency to the global patterns observed). Members of the Bacteroidetes were not
separated in smaller phylogenetic units because Sphingobacteria and Flavobac-
teria were mostly absent from marine and inland waters, respectively. To as-
sess driving processes in bacterioplankton community assemblages, we com-
pared the different tree topologies using two indices, i.e. the NRI and the
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NTI (Webb, 2000). These indices measured the degree of phylogenetic relat-
edness of the different taxa from a sample relative to the pool of taxa from all
the samples. Relatedness information provides a different window into bac-
terial communities than does information concerning richness or taxonomic
composition. NRI reveals wide patterns across the phylogeny, while NTI fo-
cuses on terminal taxa. High and positive values of these indices indicate
clustering of taxa across the overall phylogeny, whereas low or negative val-
ues indicate overdispersion of taxa across the phylogeny. In other words, a
positive value indicates that bacteria tended to co-occur with other bacteria
that were more closely related than expected by chance (for more details see
Webb, 2000; Horner-Devine & Bohannan, 2006). We calculated NRI and NTI
using Phylocom 3.41 (www.phylodiversity.net/phylocom).
Distance matrices among environments were calculated using the UniFrac
metric (Lozupone & Knight, 2005). The UniFrac distance is calculated as the
percent of branch length leading to descendants from only one of the loca-
tions represented in the phylogenetic tree (Lozupone & Knight, 2007). Hence,
UniFrac is a β-diversity metric that quantifies community similarity based on
phylogenetic relatedness.
4.2.4 Statistical analyses
We used standard and partial Mantel tests to determine the correlation
between similarity in microbial communities (based on UniFrac matrices)
and geographic (S) and environmental (E) matrices. Genetic databases usu-
ally lack environmental metadata associated with sequence information,
and this limitation should be corrected in the future. Therefore, we tried
to compile environmental data from the original publications and by re-
questing information from the authors. Unfortunately, it was not possible
to obtain sufficient environmental variables simultaneously for all sites to
more finely contextualize the information. Thus, we selected general vari-
ables traditionally used in limnology and oceanography. Lakes are usually
classified by their geomorphology, as it encapsulates most of their vari-
ation and correlates with other fundamental variables. For marine sites,
we used the physico-chemical parameters that define broad water masses.
Data used are shown in Appendix. The spatial matrix (S) was calculated
following detailed geographic coordinates and the Earth’s curvature. The
environmental matrix (E) was constructed with general geomorphological
features for lakes (i.e. area, depth, elevation), whereas for oceanic waters
we used physico-chemical data (i.e. temperature, salinity, dissolved oxygen)
provided by the authors or estimated from the NOAA World Ocean Atlas
(www.nodc.noaa.gov/OC5/WOA05/pr_woa05.html). We ran non-metric
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multidimensional scaling (NMDS) to represent the ordering relationships ob-
tained from the UniFrac distance matrices. To further explore environmental
effects, each sample was classified into two different categories: one based on
salt quality or composition (i.e. thalassohaline and athalassohaline) and the
other on salt quantity or concentration (i.e. freshwater, saline, hypersaline).
Thalassohaline habitats have salt composition similar to seawater, whereas
athalassohaline environments are inland salt ponds with salt composition
different from seawater. To assess the significance of the salinity categories,
we performed analyses of similarities (ANOSIM) based on 1,000 permu-
tations. The ANOSIM R statistic is based on the difference of mean ranks
between groups and within groups and ranges from 0 (no separation) to 1
(complete separation) (Clarke, 1993). Statistical analyses were carried out in
the R environment (www.r-project.org) using the vegan package (Oksanen
et al., 2009).
4.3 Results
The number of 16S rRNA gene sequences analyzed for each site, as well as
geographical coordinates, available environmental description, and reference
in the literature for each of the aquatic environments surveyed in the present
study are presented in the Appendix. Overall, 18 inland water bodies of dif-
ferent sizes, altitudes, and trophic status and 16 mainly coastal marine sites
were analyzed using ca. 4,500 gene sequences. Clone libraries indicated that
surface bacterioplankton was mainly dominated by 2 phyla, i.e. Proteobacte-
ria (especially Alpha-, Beta-, and Gammaproteobacteria) and Bacteroidetes (espe-
cially Flavobacteria and Sphingobacteria). Inland waters harbored more bacte-
rial groups (p-value = 0.017, t-test), and these were more diverse (p-value <
0.001, t-test) than in marine waters. Additionally, lakes presented greater (but
not significant) PD than marine samples (p-value = 0.079, t-test). Figure 4.1
shows the respective fractions of 16S rRNA gene sequence types in freshwater
and marine habitats, testing for significant (i.e. Alpha-, Beta-, and Gammapro-
teobacteria, Actinobacteria, Firmicutes, Flavobacteria, and Sphingobacteria; p-value
< 0.05, t-test) and not significant (e.g. Cyanobacteria, Deltaproteobacteria, Plancto-
mycetes, Verrumicrobia) differences between the pairs of frequencies. Glöckner
et al. (1999) used whole-cell fluorescence in situ hybridization (FISH) to indi-
cate for the first time significant differences in the composition of marine and
lake bacterioplankton with a limited number of samples and environments.
Here, we used a larger data set obtained by cloning and sequencing that con-
firmed more detailed striking differences in global relative abundance and dis-
tribution for the most abundant groups in the two types of environments. In
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metric multidimensional scaling (NMDS) to represent
the ordering relationships obtained from the UniFrac
distance matrices. To further explore environmental
effects, each sample was classified into 2 different cat-
egories: one based on salt quality or composition (i.e.
thalassohaline and athalassohaline) and the other on
salt quantity or concentration (i.e. freshwater, saline,
hypersaline). Thalassohaline habitats have salt compo-
sition similar to seawater, whereas athalassohaline
environments are inland salt ponds with salt composi-
tion different from seawater. To assess the significance
of the salinity categories, we performed analyses of
similarities (ANOSIM) based on 1000 permutations.
The ANOSIM R statistic is based on the difference of
mean ranks between groups and within groups and
ranges from 0 (no separation) to 1 (complete separa-
tion). Statistical analyses were carried out in the R
environment (www.r-project.org) using the vegan
package (http://vegan.r-forge.r-project.org).
RESULTS
The number of 16S rRNA gene sequences analyzed
for each site, as well as geographical coordinates,
available environmental description, and reference in
the literature for each of the aquatic environments sur-
veyed in the present study are presented in Table S1.
Overall, 18 inland water bodies of different sizes, alti-
tudes, and trophic status and 16 mainly coastal
marine sites were analyzed using ca. 4500 gene
sequences. The number of 16S rRNA gene sequences
assigned to each bacterial group at each site is also
shown in Table S2 in the supplement (available at
www.int-res.com/articles/suppl/a059p001_app.pdf ).
Clone libraries indicated that surface bacterioplank-
ton was mainly dominated by 2 phyla, i.e. Proteobac-
teria (especially Alpha-, Beta-, and Gammaproteobac-
teria) and Bacteroidetes (especially Flavobacteria and
Sphingobacteria). Inland waters harbored more bacte-
rial groups (p = 0.017, t-test), and these were more
diverse (p < 0.001, t-test) than in marine waters. Addi-
tionally, lakes presented greater (but not significant)
PD than marine samples (p = 0.079, t-test). Fig. 1
shows the respective fractions of 16S rRNA gene
sequence types in freshwater and marine habitats,
testing for significant (i.e. Alpha-, Beta-, and Gamma-
proteobacteria, Actinobacteria, Firmicutes, Flavobac-
teria, and Sphingobacteria; p < 0.05, t-test) and not
significant (e.g. Cyanobacteria, Deltaproteobacteria,
Planctomycetes, Verrumicrobia) differences between
the pairs of frequencies. Glckner et al. (1999) used
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Fig. 1. Relative abundance of bacterial groups present in the different lakes and marine habitats examined using the 4495 16S
rRNA gene sequence data set (grouped at 97% identity). See detailed information in Table S2 in the supplement. Error bars
indicate 1 SD. Groups with significant differences between pairs of frequencies (p < 0.05, t-test) are labeled with an asteriskFigure 4.1: Relative abundance of bacterial groups present in the different lakes and marine
habitats examined using the 4,495 16S rRNA gene sequence data set (grouped at 97% identity).
Error bars indicate one standard deviation. Groups with significant differences between pairs of
frequencies (p-value < 0.05, t-test) are labeled with an asterisk.
inland waters, Betaproteobacteria, Actinobacteria, Sphingobacteria, and Firmicutes
were the most abundant, while in marine bacterioplankton Alphaproteobacteria,
Flavobacteria, and Gammaproteobacteria dominated (Figure 4.1).
For the analysis of processes driving community phylogenetic structure,
both NRI and NTI indicated that bacterial assemblages had significantly
higher phylogenetic clustering than expected by chance (Table 4.1), suggest-
ing that communities were structured by habitat filtering. Although there
was some degree of variation, such clustered structure was consistent for the
different environments and different bacterial groups considered. Marine
habitats showed a higher percentage of clustered sites (approximately 55%
for NRI and 77% for NTI) than lakes (approximately 33% for NRI and 57% for
NTI) (p-value = 0.031 for NRI and p-value = 0.079 for NTI, t-test).
At a global scale and pooling together the bacterial groups as a whole
(Figure 4.2A), the ordination analysis of the phylogenetic β-diversity matrix
grouped the aquatic environments into 3 salinity concentration categories (R
= 0.92, p-value < 0.001, ANOSIM). Salt quality or salinity composition was
also important (R = 0.87, p-value < 0.001), although hypersaline environments
tended to cluster together with either thalassohaline and athalassohaline en-
vironments. We observed the same pattern for Bacteroidetes (R = 0.92, p-value
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Table 4.1: Summary of net relatedness index (NRI) and nearest taxa index (NTI) results. Num-
bers are the percentages of significant structured sites found for each group. Significance was
assessed at values of 0.05 and 0.10, and was tested with a null model (999 random permutations
across the entire phylogeny). A two-tailed test evaluated the rank of observed values.
Community NRI NTI
Overdispersed Clustered Overdispersed Clustered
All aquatic environments
All bacteria 3 53 0 91
Bacteroidetes 3 33 0 67
Alphaproteobacteria 3 31 3 59
Gammaproteobacteria 9 59 0 73
Lakes
All bacteria 0 44 0 89
Bacteroidetes 0 6 0 53
Alphaproteobacteria 6 19 6 38
Gammaproteobacteria 0 50 0 50
Actinobacteria 7 33 0 47
Betaproteobacteria 0 43 7 64
Marine habitats
All bacteria 6 63 0 94
Bacteroidetes 6 63 0 81
Alphaproteobacteria 0 44 0 81
Gammaproteobacteria 13 63 0 81
Cyanobacteria 0 42 0 50
< 0.001 for salt concentration, and R = 0.80, p-value < 0.001 for salt composi-
tion) (Figure 4.2B). However, β-diversity patterns for Alphaproteobacteria and
Gammaproteobacteria (Figure 4.2C, D) appeared less sensitive to salt concentra-
tion (R = 0.81, p-value < 0.001 and R = 0.73, p-value < 0.001, respectively) than
to salinity composition (R = 0.91, p-value < 0.001 and R = 0.86, p-value < 0.001,
respectively).
Overall, when all aquatic environments were assembled and their phylo-
genetic β-diversity contextualized, the correlation analysis showed the signif-
icance of the environmental component (after fixing the spatial component by
partial Mantel tests) for the different groups considered (Table 4.2). After split-
ting environments into lakes and marine habitats, environmental determinism
was still the best explanatory dynamic for most of the groups, but some rel-
evant exceptions appeared for inland bacterioplankton. Inland Actinobacteria
and Betaproteobacteria showed, in addition to the environmental component, a
significant contribution from the spatial component (after fixing the environ-
mental component by partial Mantel tests) (Table 4.2). The geographical distri-
bution merely explained the correlations found in inland Gammaproteobacteria,
but not in the marine counterparts (Table 4.2). In Table 4.2 we also tenta-
tively assigned the most appropriate metacommunity model following Cot-
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signal consistent with the ME metacommunity model.
Inland Gammaproteobacteria , in turn, formed a spatial
pattern equally explained by neutral or patch dynam-
ics (see more details in the ‘Discussion’ section).
DISCUSSION
The correlation approach used in the present study
showed community assembly based on environmental
selection as a relevant potential mechanism for bacte-
rioplankton biogeographical structure at a global
scale. Recently, several studies have emphasized the
importance of environment in shaping aquatic bacter-
ial communities at a local scale (Langenheder & Rag-
narsson 2007, Van Der Gucht et al. 2007, Sommaruga
& Casamayor 2009). Hence, environmental adapta-
tions explain the abundance and distribution of bacte-
rial assemblages at multiple scales of study.
Community assembly rules are intriguing for micro-
bial ecologists, due to the lack of knowledge about
the dispersal potential and effective niche space for
bacteria. Some recent studies suggest that dispersal
ability is probably not high for all bacteria (Papke &
Ward 2004, Hervàs et al. 2009). Here, we consistently
observed distinct bacterial composition in the plankton
of marine and inland habitats even using broad taxo-
nomic classification. These results match previous
findings by whole-cell FISH (Glöckner et al. 1999),
where a limited number of samples (4 lakes, 4 marine
sites) were surveyed using group-specific probes
(Alpha- , Beta- and Gammaproteobacteria , Bactero-
6
Fig. 2. Non-metric multidimensional scaling (NMDS) plots based on the UniFrac matrices for all Bacteria , Bacteroidetes ,
Alphaproteobacteria , and Gammaproteobacteria (i.e. those groups present at all sites with enough available sequences). Circles:
inland salt composition (athalassohaline); squares: marine salt composition (thalassohaline); open symbols: freshwater; grey:
saline water; black: hypersaline water. Normalized stress values are shown for each plot. Stress is a measure of the mismatch 
between original distance measures (the UniFrac distance) and distance in ordination space
Figure 4.2: Non-metric multidimensional scaling (NMDS) plots based on the UniFrac matrices
for all Bacteri , Bacteroidetes, Alphaproteobacteria and Gammaproteobacteria (i.e. those g oups
present at all sites with enough available sequences). Circles: inland salt composition (athalas-
sohaline); squares: marine salt composition (thalassohaline); open symbols: freshwater; grey:
saline water; black: hypersaline water. Normalized stress values are shown for each plot. Stress
is a measure of the mismatch between original distance measures (the UniFrac distance) and
distance in ordination space.
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tenie (2005), bearing in mind that the assignment of different metacommu-
nity models is dependent on the p-value used to define statistical significance
and would lead to non-identical β-diversity patterns (in Table 4.2), see bold
and italic values for significant [p-value < 0.05] positive correlations and bold-
faced print for the more relaxed [p-value < 0.1] positive correlations that we
used for discerning patterns). Both all aquatic environments and marine habi-
tats agreed with the SS (species-sorting) model in all cases. Freshwater Acti-
nobacteria and Betaproteobacteria showed, in addition, a signal consistent with
the ME metacommunity model. Inland Gammaproteobacteria, in turn, formed
a spatial pattern equally explained by neutral or patch dynamics (see more
details in the “Discussion” section).
4.4 Discussion
The correlation approach used in the present study showed community as-
sembly based on environmental selection as a relevant potential mechanism
for bacterioplankton biogeographical structure at a global scale. Recently,
several studies have emphasized the importance of environment in shaping
aquatic bacterial communities at the local scale (Langenheder & Ragnarsson,
2007; Van der Gucht et al., 2007; Sommaruga & Casamayor, 2009). Hence, en-
vironmental adaptations explain the abundance and distribution of bacterial
assemblages at multiple scales of study.
Community assembly rules are intriguing for microbial ecologists, due to
the lack of knowledge about the dispersal potential and effective niche space
for bacteria. Some recent studies suggest that dispersal ability is probably
not high for all bacteria (Papke & Ward, 2004; Hervàs et al., 2009). Here, we
consistently observed distinct bacterial composition in the plankton of marine
and inland habitats even using broad taxonomic classification. These results
match previous findings by whole-cell FISH (Glöckner et al., 1999), where
a limited number of samples (4 lakes, 4 marine sites) were surveyed using
group-specific probes (Alpha-, Beta- and Gammaproteobacteria, Bacteroidetes, and
Planctomycetes). Essentially, the same results were obtained here with a larger
data set and with a different approach (DNA extraction, PCR amplification,
and gene cloning and sequencing). Thus, although pure quantitative com-
position cannot be inferred from clone libraries, these molecular techniques
provide semi-quantitative information that can be used to assess such gen-
eral trends as those observed in our meta-analytical study. In particular, we
consistently observed that Actinobacteria and Sphingobacteria, in addition to the
previously known Betaproteobacteria, were mostly absent from marine habitats
and hypersaline lakes, while they were abundant in freshwater lakes, indicat-
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ing that salt concentration may drive their potential distribution. Although
a large number of environmental parameters covary with salinity, consistent
differences have been shown in microbial assemblages along the quantitative
salinity gradient from seawater to NaCl saturation (Casamayor et al., 2000a)
that were higher than along qualitative gradients (i.e. thalassohaline vs. atha-
lassohaline sites; Demergasso et al., 2004). In addition to the previously re-
ported fact that salinity was the major filtering factor for bacterial and archaeal
community assemblages (Lozupone & Knight, 2007; Auguet et al., 2010), our
analysis also detected different responses to salt composition among the dom-
inant bacterioplankton groups. We observed that, while β-diversity patterns
for Bacteroidetes were mostly shaped by salinity concentration, patterns among
Alphaproteobacteria and Gammaproteobacteria were controlled by salt composi-
tion.
Besides the difference in community composition between inland and
marine environments, contrasting geographical β-diversity patterns were
observed. Such disparity could be related to the connectivity among habitats
in the marine continuum versus lakes as islands within a sea of land (Reche
et al., 2005, and references therein). Accordingly, marine habitats showed
β-diversity patterns not explained by the spatial component. This is in agree-
ment with the concept of the ocean surface as a contiguous and relatively
homogeneous environment for bacteria that facilitates dispersion, and may
lead to the lack of geographical patterns in marine bacteria (Pommier et al.,
2007). Nonetheless, we found that local environmental factors (not related to
spatial distance) were still very powerful constraints in structuring marine
bacterioplankton assemblages. In contrast, inland water bodies had a patchy
distribution more likely to exhibit dispersal constraints in addition to envi-
ronmental factors. Other studies have found a significant spatial component
operating at the regional scale for lakes and ponds (e.g. Reche et al., 2005,
2007; Langenheder & Ragnarsson, 2007). The disconnected and relatively
heterogeneous nature of lakes (Papke & Ward, 2004) may have promoted the
higher bacterial richness and diversity observed in our study. Recently, fresh-
water environments have also been unveiled as one of the largest reservoirs
of archaeal diversity (Auguet et al., 2010). Hence, inland water bodies appear
as promising environments for biological novelty in terms of phylogenetic
diversity and metabolic potential (e.g. Demergasso et al., 2008).
The analysis of the phylogenetic β-diversity for all aquatic environments
together and marine habitats agreed with the SS model for all the groups ex-
amined (Table 4.2), as interpreted by Cottenie (2005) emphasizing environ-
mental adaptations to explain the distribution of species. For lakes, in ad-
dition to an environmental signal, a relationship between community simi-
larity and distance was detected for inland Actinobacteria and Betaproteobacte-
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ria, consistent with the ME metacommunity model, which mainly focuses on
the effect of high immigration on local dynamics, but also may reflect dis-
persal restrictions (or the influence of unmeasured environmental parame-
ters; Table 4.2). In fact, SS + ME dynamics may indicate a metacommunity
with species sorting and either high dispersal (which are true mass effects) or
low dispersal between at least some local communities (species sorting and
dispersal limitation), although it is difficult to find out which of those is the
case (Ng et al., 2009). MEs emphasize the role of spatial dynamics on com-
munity structure in a system where species can be rescued from local com-
petitive exclusion in communities where they are poor competitors by immi-
gration. This will result in spatial patterns occurring independently of en-
vironmental patterns (Cottenie, 2005). For this study and the spatial scales
that are considered, species sorting coupled with dispersal limitation is the
more likely scenario. True mass effects would mean that dispersal rates be-
tween the different sites are higher than the internal growth rates of local
populations, and this is very unlikely given that most locations are not part
of the same catchment area. However, both Betaproteobacteria and Actinobac-
teria tend to co-occur and are very abundant in nearly all lakes, suggesting
continuous feeding with allochthonous bacteria from the catchment area, but
atmospheric dust depositions should also be considered in remote freshwater
ecosystems where these two groups have been detected with the potential to
grow (Hervàs et al., 2009). Gammaproteobacteria, in turn, formed a spatial pat-
tern equally explained by neutral or patch dynamics. Many members of this
phylogenetic group are typical copiotrophs, adapted to relatively high nutri-
ent concentrations such as those in culturing media, phytoplankton blooms,
or coastal areas (e.g. Agogue et al., 2005; Fuchs et al., 2007) that show sporadic
peaks of abundance along river–estuary transects (e.g. Bouvier & del Gior-
gio, 2002) or in lakes (e.g. Casamayor et al., 2002). Thus, if they have a feast
and famine strategy and frequently peak in abundance in response to nutri-
ent pulses, this would be rather an indication of species sorting than neutral or
patch dynamics. However, some of the occurrences of suitable conditions may
have an unpredictable and sporadic nature, and the pattern observed might
be related to such local sporadic events that produce suitable conditions to
proliferate or, alternatively, to integrate other non-considered variables in the
analysis, such as the temporal variation hidden in the spatial signal (see be-
low).
A major focus in the field of biogeography is the relative influence of cur-
rent environmental versus historical factors on present day distribution pat-
terns. In the case of microorganisms, large population size and high disper-
sal may blur the potential effect of historical legacy on present community
patterns (Fuhrman et al., 2008). For that reason, community phylogenetic
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structure is more likely to be generated by ecological rather than historical
processes (i.e. diversification within a region causing many taxa to be, on av-
erage, more related to each other rather than taxa outside the region; Webb
et al., 2002). Presuming phylogenetic niche conservatism (i.e. related taxa
are more ecologically similar), phylogenetic clustering indicates environmen-
tal selection, while overdispersion can be considered the result of competition
between closely related species or facilitation between distantly related taxa.
However, phylogenetic resolution and sampling scale may influence the ob-
served patterns (for a discussion see Horner-Devine & Bohannan, 2006). In
the present study, we found that the closest bacterioplankton relatives tend to
be in the same habitat (habitat filtering, owing to the sharing of adaptations
needed for a particular habitat) in agreement with recently published reports
for bacterial communities (Horner-Devine & Bohannan, 2006; Newton et al.,
2007; Bryant et al., 2008). The broad scales of environmental gradients, geogra-
phy, and taxonomy explored in our study may have concealed overdispersed
patterns (Horner-Devine & Bohannan, 2006, and references therein). Despite
this limitation, analytical exploration on such broad scales is still scarce for
microorganisms (but see Fierer & Jackson, 2006; Pommier et al., 2007) and
relevant information is still to be unveiled. Some other methodological limi-
tations inherent to the shortcomings in databases are also obvious in the work
presented here, such as the rationale for the environmental variables chosen
or the strong sampling bias toward northern temperate regions. Although
we tried to homogenize the data sets by selecting clone library studies with
high numbers of 16S rRNA gene sequences per site (> 40) and by selecting
superficial waters, other factors could have escaped our analysis, such as the
temporal component that may lead to some predictable patterns (Fuhrman
et al., 2006) or the influence of biotic factors on bacterial community composi-
tion (Kent et al., 2007). Other problems are intrinsic to the molecular ecology
approach; for example, (1) PCR cloning focuses mostly on abundant taxa and
may cause bias against rare taxa, resulting in semi-quantitative information,
or (2) dereplicating 16S rRNA libraries at the species level (97% identity) im-
plicitly loses the microdiversity inherent in most bacterial lineages. A minor
sequence change in such a highly conserved gene may conceal relevant differ-
ences in whole genome content and, thus, in ecological capability, and there
are some cases of different bacterial species with identical 16S rRNA genes (see
a review in Rosselló-Mora & Amann, 2001). In the worst case, methodological
limitations will not affect the general patterns observed here because we fo-
cused on conservative criteria, and we dealt with the most abundant bacterial
groups detected. The abundant members cover the part of the microbial bio-
diversity spectrum that includes the active units of the community (so-called
“core species”) that drive most ecosystem functions, whereas those below nu-
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merical detection thresholds of molecular techniques form a seed bank of rare
species that grow slowly or not at all. The rare species on the whole cannot be
completely unveiled with traditional PCR methods, although biogeographical
approaches would be greatly enhanced by increasing the genetic information
deposited in databases and by improving the coverage of sequencing tech-
niques (Galand et al., 2009, 2010). In addition, there is ample room for com-
munity phylogenetic approaches involving more specific bacterial clades and
narrower scales (e.g. Newton et al., 2007).
Only very recently has it been observed that microorganisms may have
similar ecological patterns to their macroorganism counterparts in terms of the
taxa–area relationship (Horner-Devine et al., 2004; Reche et al., 2005, 2007), the
latitudinal and elevational gradients of richness (Pommier et al., 2007; Bryant
et al., 2008; Fuhrman et al., 2008), or the community assembly rules (Horner-
Devine et al., 2007). One of the most puzzling aspects of ecology is the wide
range of spatial, temporal, and taxonomical scales at which patterns may arise.
As a result of their interrelationship, some patterns emerge as processes on a
lower scale level (Levin, 1992). Moreover, it has been shown that microbial
groups have ecological idiosyncrasies and habitat preferences that are stable
over time (Von Mering et al., 2007). Therefore, microbial biogeography, al-
though traditionally disregarded, is a particularly motivating field of study,
due to the wide range of scales involved (Dolan, 2006).
Our empirical meta-analysis, which used a hierarchical phylogenetic ap-
proach, reinforces the niche explanation for the global distribution of surface
bacterioplankton assemblages. The results indicate differences among phy-
logenetic groups that deserve further investigations, and the patterns we ob-
served might help in the future as a basis upon which to design studies and ex-
periments to test various aspects related to community assembly theory. With
current molecular techniques, we cannot definitely state whether everything
is everywhere or not (no dispersal and colonization barriers for any bacterial
cell), but certainly there is a strong aspect of environmental determinism shap-
ing aquatic microbial assemblages on a global scale, and environmental forces
are acting singularly on different bacterial groups.
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Euxinic freshwater hypolimnia
promote bacterial endemicity
in continental areas
Resumen
Los dominios Bacteria y Archaea representan la vasta mayoría de la biodiver-
sidad. No obstante, la interacción entre los procesos ecológicos y evolutivos
en el mundo microbiano permanece desconocida. En este estudio, se han ex-
plorado los patrones de comunidades planctónicas de bacterias que habitan
lagos estratificados con capas óxicas/anóxicas y euxinia. Se examinó si esta
estratificación vertical es promotora del endemismo en capas profundas me-
diante el análisis de secuencias del gen ribosomal del 16S. La similaridad en
la composición mostró que las comunidades de la misma capa de agua eran
más parecidas entre lagos que las comunidades de diferentes capas del mis-
mo lago. Además, el hipolimnion anóxico presentó mayor β-diversidad que
el epilimnion óxico. Una mayor β-diversidad puede ser atribuible a una ba-
ja dispersión y escasa conectividad entre territorios. Paralelamente, mientras
que las aguas superficiales exhibieron un componente espacial significativo,
en el caso de las capas profundas, el componente significativo fue el ambien-
tal. Por lo tanto, diferentes mecanismos ecológicos actúan simultáneamente
en la misma masa de agua. En general, el endemismo en bacterias es proba-
blemente más común que lo supuesto con anterioridad, particularmente en
hábitats de aguas dulces aislados y ambientalmente heterogéneos.
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Abstract 1
Bacteria and Archaea represent the vast majority of biodiversity on Earth.
The ways that dynamic ecological and evolutionary processes interact in
the microbial world are, however, poorly known. Here, we have explored
community patterns of planktonic freshwater bacteria inhabiting stratified
lakes with oxic/anoxic interfaces and euxinic (anoxic and sulfurous) wa-
ter masses. The interface separates a well-oxygenated upper water mass
(epilimnion) from a lower anoxic water compartment (hypolimnion). We
assessed whether or not the vertical zonation of lakes promoted endemism
in deeper layers by analyzing bacterial 16S rRNA gene sequences from the
water column of worldwide distributed stratified lakes and applying a com-
munity ecology approach. Community similarity based on the phylogenetic
relatedness showed that bacterial assemblages from the same water layer
were more similar across lakes than to communities from different layer
within lakes and that anoxic hypolimnia presented greater β-diversity than
oxic epilimnia. Higher β-diversity values are attributable to low dispersal
and small connectivity between community patches. In addition, surface
waters had significant spatial but non-significant environmental components
controlling phylogenetic β-diversity patterns, respectively. Conversely, the
bottom layers were significantly correlated with environment but not with
geographic distance. Thus, we observed different ecological mechanisms
simultaneously acting on the same water body. Overall, bacterial endemicity
is probably more common than previously thought, particularly in isolated
and environmentally heterogeneous freshwater habitats. We argue for a
microbial diversity conservation perspective still lacking in the global and
local biodiversity preservation policies.
5.1 Introduction
Multicellular animals and plants may face geographic barriers to migration
and dispersal, enabling isolated populations to diverge into different species
(allopatric speciation). Microorganisms, in turn, can be easily transported to
very distant places (e.g. Hervàs et al., 2009), and total dispersal success has
been postulated based on their small size, vast population sizes, long survival,
low extinction rate, and astronomic global numbers that may lead to micro-
bial ubiquity (Finlay, 2002). As ubiquity limits rates of local speciation and
extinction, a relative homogeneity in the composition of microbial species is
expected worldwide. The importance of geographical and environmental bar-
1See original publication in Barberán & Casamayor (2011).
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riers to divergence in microbial populations is, however, a subject of great de-
bate, and whereas some species show evidence of allopatric divergence, some
others do not (see a recent review in Whitaker, 2006). For bacteria, some phy-
lotypes show, in fact, evidences of a worldwide distribution (e.g. Barberán &
Casamayor, 2010), but some bacterial genera have different species in the Arc-
tic than in the Antarctic sea ice or geographical barriers have been shown for
populations of hyperthermophilic archaea (Whitaker et al., 2003), suggesting
that dispersal is simply prevented by the geographical separation of popu-
lations, and endemisms do exist among bacteria and archaea. Certainly, we
have only a vague idea on what are the evolutionary parameters that lead to
barriers in some microbial species, but not in others (Whitaker, 2006).
Our ignorance about which environments are more likely to hold a large
microbial diversity and which ecosystems may be islands for microorgan-
isms is also large. We have to strain our imagination in order to think what
a barrier can be for a bacterium and on the mechanisms that drive diver-
gence among microbial lineages. If endemic microbial species are common,
the total number of species should be large, whereas for a cosmopolitan dis-
tribution, we may expect low number of bacterial species. Unfortunately,
present estimations on the number of bacterial species range several orders of
magnitude showing a large degree of uncertainty being far from a consensus
value (Pedrós-Alió, 2006). We also have problems in disentangling mecha-
nisms that result in bacterial biogeographic patterns driven by environmental
selection from a panmictic (fully mixed) pool to those driven by local evo-
lution in geographically isolated populations (allopatry). Physical isolation
strongly influences speciation and both speciation and extinction strongly in-
fluence species richness. Understanding the evolutionary ecology of microor-
ganisms has also practical relevance for designing conservation strategies to
protect essential habitats with endemic microbial populations (Souza et al.,
2006), a concern ignored in management actions and policies aimed at pre-
serving biodiversity and making use of the resources and services it provides.
However, since most microbiologists remain ambiguous on the definition of
a bacterial species, investigating the processes of speciation in environmental
communities is certainly a difficult goal.
Here, we have explored community patterns of planktonic freshwater bac-
teria inhabiting stratified lakes with oxic/anoxic interfaces along the water
column. The interface separates a well-oxygenated upper water mass (epil-
imnion) from a lower anoxic water compartment (hypolimnion). Within the
large heterogeneity of inland waters, stratified lakes appear particularly suited
to unravel how environmental heterogeneity and dispersal influence bacte-
rial community composition in a large spatial context and the concordance
of those patterns between water compartments. The variety of metabolisms
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and microbial communities occurring in separated density layers of stratified
lakes is large (Casamayor et al., 2001, 2000b; Konopka et al., 1999; Llirós et al.,
2008) and anaerobic microbes that live in the deep anoxic water compart-
ments are separated from the atmosphere by oxic water layers and have a less
marked temporal variation than their epilimnetic counterparts (Casamayor
et al., 2002). Thus, perhaps, anoxic layers of lakes may act as islands in an
aerobic world. This would reduce dispersion of anaerobic bacteria from one
lake to another lake and would favor the presence of endemic species. Addi-
tionally, selection may also be imposed by differences in environmental con-
ditions among hypolimnia. In the present meta-analysis, we have explored
the patterns of bacterioplankton assemblages by the analysis of the phyloge-
netic community structure (16S rRNA gene sequences) under a macroecolog-
ical perspective. We tested whether or not the vertical zonation of lakes pro-
motes idiosyncrasies in terms of community structure and diversity patterns.
The mechanisms behind these patterns (environmental selection and/or al-
lopatric speciation) were, however, difficult to be properly determined.
5.2 Methods
Because taxonomy is in a much less developed state for smaller organisms
than for multicellular animals and plants, microbial ecologists have replaced
“species” with other appropriate units of biodiversity based on the ribosomal
RNA gene sequence, not without concerns (Rosselló-Mora & Amann, 2001)
but clearly defined and consistently used in all the study systems (Ovreas,
2000; Reche et al., 2005). The slowly evolving 16S rRNA gene is the most com-
monly used molecular marker to survey and catalogue bacterial diversity, and
it is useful for detecting ancient evolutionary events. We have recently dis-
cussed potentials and limitations of the 16S rRNA gene approach and the con-
troversial species concept for meta-analytical and general ecology approaches
on bacteria (Barberán & Casamayor, 2010). Because of the inherent biases of
PCR methods used to obtain the environmental 16S rRNA gene sequences, the
abundances obtained should not be strictly interpreted for absolute values but
rather considered for cross-lake and cross-lake layer comparative purposes
only.
5.2.1 16S rRNA gene sequence analysis
We used our own data generated from stratified lakes in Spain by genetic fin-
gerprinting and sequencing as previously described (Casamayor et al., 2000b)
and publicly available bacterial 16S rRNA gene sequences from the water col-
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umn of 12 worldwide distributed stratified lakes (although 11 out of the 12
studies considered were samples from the Northern hemisphere, biasing their
global perspective due to the lack of comparable studies in the Southern hemi-
sphere, Table 5.1). The 12 lakes considered were those containing sulfide and
mostly meromictic (permanent anaerobic bottom water) selected from among
the many more explored by 16S rRNA gene sequencing and available in the
literature. Two holomictic (hypolimnion that disappears after winter mixing)
stratified lakes (i.e., Arcas and Tejo, also sulfide containing) and two deep
lakes with low stratification stability (i.e., Baikal and Crater) were also in-
cluded. For some of the analyses, mixolimnetic, epilimnetic, and surface lay-
ers were grouped as surface waters (SW), whereas monimolimnetic, hypolim-
netic, and bottom layers of the deep lakes were analyzed as bottom waters
(BW). For assessing community patterns in anaerobic hypolimnia, Lake Baikal
and Crater Lake were excluded from the pool of data. Sequences shorter than
300 nucleotides were discarded, and the remaining ones were clustered at
97% identity cut-off, which is a consistent value for richness estimation (Shaw
et al., 2008). The 16S rRNA gene pool was automatically aligned with the
NAST aligner (DeSantis et al., 2006a), imported into ARB package (Ludwig
et al., 2004), and added to a consensus phylogenetic tree with the ARB par-
simony insertion tool as recently described (Auguet et al., 2010). Sequence
classification into bacterial clades to assess taxonomical richness and diversity
with the Shannon index followed the Ribosomal Database Project hierarchy
(http://rdp.cme.msu.edu).
5.2.2 Data analysis
Phylogenetic diversity (PD) was calculated for each water layer as the sum
of the branch length associated with the 16S rRNA phylogenetic tree from
that layer (Faith, 1992). Distance matrices were constructed using the UniFrac
metric, which is a β-diversity metric that quantifies community dissimilar-
ity based on phylogenetic relatedness (Lozupone & Knight, 2005) and repre-
sented in a principal coordinate (PCoA) ordination plot. We performed anal-
yses of similarity (ANOSIM) to test the hypothesis that bacterial communi-
ties from the same functional layer were more similar to each other than to
communities from different layers. The ANOSIM R statistic is based on the
difference of mean ranks between groups and within groups and ranges from
0 (no separation) to 1 (complete separation) (Clarke, 1993). Additionally, the
distance to layer centroid was calculated as a measure of β-diversity (Ander-
son et al., 2006). We used standard and partial Mantel tests to determine the
community concordance between UniFrac bacterial matrices from different
layers and the correlation between layer-specific community matrices and ge-
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ographic (S) and environmental (E) Euclidean distance matrices (Legendre &
Legendre, 1998). The environmental component (E) was composed of quanti-
tative (i.e. elevation, area, and maximum depth), semiquantitative (i.e. trophic
status), and qualitative variables (i.e. stratification, geomorphology, ice cover,
sulfide concentration, and anoxia; Table 5.1). Unfortunately, more detailed en-
vironmental variables were not available for the complete set of lakes studied.
All statistical analyses were carried out in the R environment (http://www.r-
project.org) using vegan (Oksanen et al., 2009) and picante packages (Kembel
et al., 2010).
5.3 Results
We explored community patterns in terms of bacterial composition, richness,
and β-diversity in the complete set of selected lakes (Table 5.1). Significant
differences (p-value < 0.05, paired t-test) in bacterial community composi-
tion were found between SW and BW for major phylogenetic groups. Acti-
nobacteria, Cyanobacteria, and Alphaproteobacteria were consistently more abun-
dant in SW, while Chlorobi, Gammaproteobacteria, and Deltaproteobacteria domi-
nated BW (Figure 5.1). Other groups, such as Epsilonproteobacteria, Chloroflexi,
Spirochaetes, and Acidobacteria, were exclusively found in BW. Most groups
abundant in SW were also found in BW, such as Bacteroidetes, Verrumicro-
bia, Planctomycetes, and Betaproteobacteria. The taxonomic compositions from
deeper layers of Lake Baikal and Crater Lake were closer to those of the upper
waters than in the case of lakes with presence of sulfide (both meromictic and
holomictic, Table 5.1). Overall, the BW contained more bacterial phylogenetic
groups (p-value = 0.01, paired t-test; Figure 5.2, upper panel) and were more
taxonomically diverse (p-value = 0.005, paired t-test; Figure 5.2, lower panel)
than the SW studied. When the diversity was analyzed taking into account the
phylogenetic relationship (PD) among the different 16S rRNA gene sequences
(i.e. ’tree branch length’), BW showed again greater phylogenetic diversity
(PD = 33.1) than SW (PD = 22.7).
Distance matrices among environments were calculated using the UniFrac
metric to explore in more detail shared phylogenetic history among the dif-
ferent bacterial communities. The ANOSIM analyses based on the UniFrac
distance matrix showed that bacterial assemblages from the same water layer
were more similar than to communities from different layer (R = 0.46, p-value
< 0.001, which increased to R = 0.52, p-value = 0.002, when only meromictic
lakes were considered). In turn, classification according to lake origin was not
significant (R = 0.15, p-value = 0.171).
To test for β-diversity patterns, PCoA ordination plot was run using the
76 Euxinic freshwater hypolimnia promote bacterial endemicity in continental areas
0 
15 
30 
45 
Ac
tin
ob
ac
te
ria
 
Ba
ct
er
oi
de
te
s 
Cy
an
ob
ac
te
ria
 
Ve
rr
uc
om
icr
ob
ia
 
Pl
an
ct
om
yc
et
es
 
Fi
rm
icu
te
s 
Al
ph
ap
ro
te
ob
ac
te
ria
 
Be
ta
pr
ot
eo
ba
ct
er
ia
 
Ga
m
m
ap
ro
te
ob
ac
te
ria
 
De
lta
pr
ot
eo
ba
ct
er
ia
 
Ep
sil
on
pr
ot
eo
ba
ct
er
ia
 
Ch
lo
ro
bi
 
Ch
lo
ro
fle
xi
 
Sp
iro
ch
ae
te
s 
Ac
id
ob
ac
te
ria
 
Ot
he
rs
 
%
 1
6
S
 r
R
N
A
 s
eq
u
en
ce
s 
Surface 
Bottom 
* 
* 
* 
* 
* 
* 
Figure 5.1: Relative abundance of bacterial taxa from the lakes listed in Table 5.1. Error bars
indicate the sample standard deviation. The “Others” category consisted of members identified
as Nitrospira, OP11 and OP10. Significant differences in taxa abundance (p-value < 0.05, paired
t-test) are illustrated with an asterisk.
UniFrac matrices to show ordering relationships and groups centroids for
each water compartment (oxic vs. anoxic; Figure 5.3A). Anoxic hypolimnia
presented greater β-diversity than oxic epilimnia measured as multivariate
dispersion from the group centroid (p-value = 0.037, permutation test for ho-
mogeneity; Figure 5.3B). To assess the major factors controlling phylogenetic
β-diversity patterns, the specific UniFrac matrices were compared to the same
environmental (E) and spatial (S) matrices using Mantel tests. Standard Man-
tel tests showed significant correlations for both epilimnia (E, rM = 0.35, p-
value = 0.048; S, rM = 0.54, p-value = 0.001) and hypolimnia (E, rM = 0.51,
p-value = 0.002; S, rM = 0.34, p-value = 0.023). Although communities from
different layers showed good concordance (rM = 0.44, p-value = 0.005), dif-
ferent β-diversity patterns arose after controlling for the possible inter-matrix
interactions (tested by partial Mantel tests). Surface waters showed a signifi-
cant spatial component (S|E, rM = 0.47, p-value = 0.004) and a non-significant
environmental one (E|S, rM = 0.20, p-value = 0.183). Conversely, the bottom
layer was significantly correlated with environment (E|S, rM = 0.44, p-value
= 0.002) but not with geographic distance (S|E, rM = 0.14, p-value = 0.089).
5.4 Discussion
We have used bacterioplankton populations vertically segregated in stratified
lakes to determine biogeographical patterns and to suggest possible evolu-
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tionary and ecological mechanisms driving microbial diversity. As earlier ge-
netic studies indicated, these ecosystems are composed of different bacterial
assemblages vertically distributed (Casamayor et al., 2002, 2000b; Konopka
et al., 1999). The upper zone is dominated by taxa involved in photosynthe-
sis (i.e. Cyanobacteria) or mostly in aerobic heterotrophic nutrient cycling (i.e.
Alpha- and Betaproteobacteria, Actinobacteria). In contrast, in deeper layers, pop-
ulations adapted to particular physicochemical conditions (i.e. anoxia, high
sulfide concentration) such as Gammaproteobacteria (e.g. purple sulfur bacte-
ria), Deltaproteobacteria (i.e. sulfate-respiring bacteria), or Chlorobi (green sulfur
bacteria) were significantly more abundant. As expected, deeper layers from
Lake Baikal and Crater Lake resembled surface waters due to their well-mixed
nature. In addition to the particularities of each layer, most groups abundant
in the epilimnion were also found in the deeper layer. This is probably due
to sedimentation or sinking from upper layers that establish a downward di-
rectional gradient of passive migration (Casamayor et al., 2000b). However,
different sequences were observed for the shared groups in the epi- and the
hypolimnion. Thus, sinking may only partially explain the higher richness
and diversity observed in deeper layers. In addition, some of the bacterial
groups were exclusively found in bottom waters, and therefore, other ecolog-
ical mechanisms should account for this significant difference. A plausible
explanation is the biogeochemical complexity of bottom waters that creates
a wide variety of functional niches to fill by those specific groups indicated
above, among others. Then, bottom waters may act as a trap and also pro-
mote diversity creating rich pools of bacterial assemblages. This point is of
interest to further refine the species–area relationship found for microorgan-
isms (Reche et al., 2005, 2007), carefully considering the relationship area and
niche space in these ecosystems, most of them small (< 1 km2) but with a high
ratio depth/area (Table 5.1) and therefore with higher habitat heterogeneity
than expected.
The comparison we carried out on different lake layers at a large scale
unveiled interesting phylogenetic β-diversity patterns. In the field of commu-
nity ecology, higher β-diversity values are linked to low dispersal and small
connectivity between community patches (Chase, 2003). Low dispersal was
expected for bottom anoxic waters for these isolated continental water bodies.
Considering the temporal dynamics of a sole lake, it has been shown that the
epilimnion has higher β-diversity than the hypolimnion that tends to have a
more stable microbial assemblage over time (Casamayor et al., 2002; Shade
et al., 2008). However, in a global spatial scale, this trend turns the oppo-
site. Thus, lake hypolimnia promoted the formation of not only rich diverse
bacterial communities but also idiosyncratic ones. The observed geographi-
cal patterns of phylogenetic β-diversity agree with the scheme of surface lay-
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ers being more connected, less heterogeneous, and suffering high disturbance
while bottom waters being less connected, more heterogeneous, and with low
disturbance (Chase, 2003). In fact, published data indicated that anaerobic
conditions prevailed for at least the last 1 million years for some of the lakes
studied here (Mallorqui et al., 2005).
In stable and isolated bottom waters, endemism may be promoted by two
different mechanisms. First, acting as a trap and restricting the range of the
inhabitants (as described in the previous paragraph) or fostering speciation
when the rate of divergence (internal novelty) exceeds dispersal rates (exter-
nal novelty). Different speciation mechanisms have been proposed based on
ecologically differentiated microbial populations (Koeppel et al., 2008), tem-
poral shifts (Casamayor et al., 2002), selective sweeps (Acinas et al., 2004),
resource partitioning (Hunt et al., 2008), and on variation in gene content
by genome rearrangements or gene flow between populations (e.g. genomic
islands; Coleman et al., 2006). Allopatric speciation results from divergent
evolution of geographically isolated populations, but in microorganisms, it is
hard to discern between environmental selection at the community level and
allopatric speciation in geographically isolated populations (Whitaker, 2006).
Isolation might occur because of great distance or a physical barrier. Data
presented here suggest that, for hypolimnetic populations, both the physical
barrier constituted by the permanent aerobic top water and the higher envi-
ronmental heterogeneity had stronger effect than geographical distance. In
turn, epilimnetic assemblages appeared more influenced by the spatial com-
ponent, suggesting that high migration and distance-based stochastic effects
may play a more relevant role because aerobic microorganisms would be more
easily dispersed. In this line of reasoning, two different mechanisms may si-
multaneously be acting within and between the bacterial assemblages of the
same type of ecosystems (i.e. one lake understood as one ecosystem).
Because environmental factors strongly promote stochastic events in na-
ture, the presence/absence of particular species can constitute signals of spe-
ciation processes, and also they can reflect temporal/spatial environmental
variations. Although in this study we analyzed static pictures of the freshwa-
ter bacterial assemblages, it is known that the epilimnetic communities are
more dynamic and have a more marked temporal variation than their hy-
polimnetic counterparts (Casamayor et al., 2002). They should be, therefore,
more directly submitted to environmental selection, and we should have ob-
served higher genetic variability among epilimnia than among hypolimnia.
Curiously, we detected the opposite trend, suggesting again that the combina-
tion of strong physical isolation, higher residence time, lower water inflows,
and environmental heterogeneity among euxinic freshwater hypolimnia pro-
moted diverse and rich communities with high levels of endemism.
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Finally, in the present work, we studied how genetic variation (16S rRNA
gene) was partitioned among geographically associated populations. Unfor-
tunately, whether or not variations in the 16S rRNA gene sequences alone
mean different bacterial “species” cannot be answered here, and deeper in-
sights in the genome content and physiology are certainly needed (Rosselló-
Mora & Amann, 2001; Whitaker et al., 2003). We have detected a general
trend, but still scarce information is available on the relative importance of
the interrelated ecological hierarchical factors that influence the stability and
dynamics of microbial communities. This work and recent works in the lit-
erature (Galand et al., 2009, 2010; Telford et al., 2006; Whitaker et al., 2003)
detected considerable regional genetic variability and, therefore, question the
ubiquitous effective dispersal caused by the enormous population sizes of
microbial species. Presumably, bacteria living in the anoxic hypolimnia are
adapted to anaerobic metabolism and unable to survive in the oxic waters
and the atmosphere for a long time. This would indicate that at least some
of these bacterial species are not cosmopolitan and that endemisms do exist.
We found within-lake environmental gradients that led to an efficient species
sorting, whereas inter-lake dispersal capabilities were different for aerobic and
anaerobic microorganisms. The scenario suggests that dispersal rates are high
relative to rates of local evolution in the epilimnia, whereas the opposite trend
occurs for the assemblages in the hypolimnia. Overall, endemic microbial
species may appear to be more common than that previously thought in the
bacterial world, and microbial ecologists should look around to find other
examples of hot spots for microbial diversity. This would add to the devel-
opment of a microbial diversity conservation perspective still lacking in the
global and local biodiversity preservation policies.
Acknowledgements
We are thankful to authors who provided valuable data for the analysis and to
two anonymous reviewers for their constructive comments. This research was
supported by grant AERBAC 079/2007 from the Spanish Ministerio de Medio
Ambiente (MARM) and grants CONSOLIDER-INGENIO 2010 GRACCIE
CSD2007-00067 and PIRENA CGL2009-13318-CO2-01/BOS from the Spanish
Ministerio de Ciencia e Innovación (MICINN) to EOC. AB is supported by
the Spanish FPU predoctoral scholarship program.

6
Global ecological patterns in
uncultured Archaea
Resumen
Al aplicar una aproximación filogenética global a organismos Archaea no cul-
tivados se han revelado patrones de comunidades definidos a lo largo de am-
plios gradientes y tipologías ambientales. El análisis se ha basado en unas
2000 secuencias del gen 16S ribosomal de arqueas provenientes de 67 locali-
zaciones. Dichas secuencias fueron agregadas al 97 % de identidad, clasifica-
das en siete tipos de hábitats, y analizadas tanto con UniFrac (para explorar
la historia filogenética compartida) como mediante árboles de regresión mul-
tivariantes (que consideran la abundancia relativa de los diferentes linajes).
Ambas perspectivas apuntaron a la salinidad como el factor regulador prin-
cipal a escala global. Las chimeneas hidrotermales y los hábitats planctónicos
continentales se postularon como los mayores reservorios de diversidad de
arqueas y, por lo tanto, como ambientes prometedores para el descubrimiento
de nuevos linajes. Por el contrario, los suelos exhibieron una mayor agrega-
ción filogenética, resultado de la presencia de filotipos relacionados estrecha-
mente. Se detectaron diferentes linajes indicadores para los distintos hábitats,
algunos de los cuales desconocidos a nivel ecológico. Según los análisis de
distribución de comunidades, las chimeneas hidrotermales parecen ser uno
de los primeros hábitats colonizados por arqueas. En resumen, este estudio
proveyó de soporte ecológico a la nomenclatura arbitraria de Archaea, a la par
que desveló aspectos filogeográficos relevantes en su biología.
84 Global ecological patterns in uncultured Archaea
Abstract 1
We have applied a global analytical approach to uncultured Archaea that for
the first time reveals well-defined community patterns along broad environ-
mental gradients and habitat types. Phylogenetic patterns and the environ-
mental factors governing the creation and maintenance of these patterns were
analyzed for ca. 2,000 archaeal 16S rRNA gene sequences from 67 globally
distributed studies. The sequences were dereplicated at 97% identity, grouped
into seven habitat types, and analyzed with both UniFrac (to explore shared
phylogenetic history) and multivariate regression tree (that considers the rel-
ative abundance of the lineages or taxa) approaches. Both phylogenetic and
taxon-based approaches showed salinity and not temperature as one of the
principal driving forces at the global scale. Hydrothermal vents and plank-
tonic freshwater habitats emerged as the largest reservoirs of archaeal diver-
sity and consequently are promising environments for the discovery of new
archaeal lineages. Conversely, soils were more phylogenetically clustered and
archaeal diversity was the result of a high number of closely related phylo-
types rather than different lineages. Applying the ecological concept of “indi-
cator species”, we detected up to 13 indicator archaeal lineages for the seven
habitats prospected. Some of these lineages (that is, hypersaline MSBL1, ma-
rine sediment FCG1 and freshwater plSA1), for which ecological importance
has remained unseen to date, deserve further attention as they represent po-
tential key archaeal groups in terms of distribution and ecological processes.
Hydrothermal vents held the highest number of indicator lineages, suggesting
it would be the earliest habitat colonized by Archaea. Overall, our approach
provided ecological support for the often arbitrary nomenclature within un-
cultured Archaea, as well as phylogeographical clues on key ecological and
evolutionary aspects of archaeal biology.
6.1 Introduction
The study of the biology and ecology of Archaea is currently among the most
exciting and dynamic research topics in microbial ecology. In less than two
decades the status of these enigmatic microorganisms has changed com-
pletely. The popularization of environmental ribosomal gene analysis has
revolutionized the biased perception on their biology and ecology. The new
tools have expanded archaeal ecological distribution and metabolic diversity
far beyond expected, unveiling a widespread distribution and an unexpected
1See original publication in Auguet et al. (2010).
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diversity (Schleper et al., 2005; Chaban et al., 2006; Auguet & Casamayor,
2008; Llirós et al., 2008; Casamayor & Borrego, 2009).
The earliest archaeal phylogenetic tree derived from laboratory cultures
(hyperthermophiles, halophiles and methanogens) was composed of the two
main phyla, Crenarchaeota and Euryarchaeota, and contained a few branches.
However, environmental PCR-based 16S rRNA gene surveys quickly ex-
panded the archaeal tree with the discovery of new uncultured lineages.
One of the most noticeable advances during the nineties was the discovery of
mesophilic Crenarchaeota inhabitants of marine plankton and soils that formed
a deeply divergent clade distantly related to hyperthermophiles. Two main
crenarchaeal lineages were observed within this new clade: the 1.1a (DeLong,
1992; Fuhrman et al., 1992) and the 1.1b (Bintrim et al., 1997; Ochsenreiter
et al., 2003). In the last years, the 16S rRNA gene sequences from uncultured
Archaea in databases have increased several orders of magnitude above those
available from the cultured counterparts. A precise taxonomic placement
of the new sequences will remain, however, uncertain until microbiologists
succeed bringing into culture more archaeal representatives from a larger
range of phyla. In addition, almost half of the 16S rRNA gene sequences
archived in GenBank database lack clear taxonomic information (DeSantis
et al., 2006b). As a consequence, different authors use different names for
uncultured clusters that lead to conflicting nomenclatures, and ecological or
physiological information becomes often veiled behind confusing clusters
naming.
At present, public databases hold a large number of archaeal 16S rRNA
environmental sequences (ca. 40,000) from a large set of environments. This
data set contains information to extract general macroecological patterns and
to bring some light on how archaeal communities are structured along global
environmental gradients. The aims of this study are to use the information
present in databases to (i) describe the global distribution of archaeal commu-
nities and understand the forcing environmental factors that shape archaeal
diversity and (ii) detect the main taxa that can be considered as “indicator
species” for a given habitat. We also provided a framework to identify envi-
ronments that contain the highest archaeal diversity and represent promising
habitats for the discovery of new archaeal lineages.
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6.2 Methods
6.2.1 Construction of the archaeal 16S rRNA gene database
We surveyed published literature and GenBank database for archaeal 16S
rRNA clone libraries (that is, a collection of identified PCR products obtained
from the same source) that matched each one of the following criteria: (i) com-
munities obtained from natural environments (artificial and semi-artificial
environments with human-induced dynamics, such as rice soils and chemical
reactors, were excluded for detailed analyses. In fact when sorted into an
ordination plot according to phylogenetic community similarity, rice soils sig-
nificantly separated from typical natural soil environments and were closer to
freshwater sediments [data not shown]); (ii) high-quality data (no nucleotide
ambiguities present and sequences > 300 bp); and (iii) use of universal
primers covering the same 16S rRNA gene region. We homogenized different
methodologies and sampling efforts by clustering sequences at 97% identity
threshold (Shaw et al., 2008). We ended with an archaeal database of ca. 2,000
archaeal 16S rRNA sequences from 67 clone libraries globally distributed 2.
The sequences were treated by two methods (see below), that is, by using an
explicitly phylogenetic approach, and by a taxon-based approach (where taxa
were picked at a defined level and then treated as equally divergent).
The different clone libraries were grouped into seven distinct habitats (un-
derstood as a group of environments sharing a close geochemistry) as follows:
freshwater plankton (Fwc), freshwater sediment (Fsed), soil (S), marine plank-
ton (Mwc), marine sediment (Msed), hypersaline planktonic environments
(Hsal) and hydrothermal vents (Hdv). Next, we constructed a semiquantita-
tive environmental matrix according to the range of environmental gradients
present in these habitats: temperature (hydrothermal vents to polar waters),
salinity (hyperhaline brines to freshwater), life environment (plankton, soil
and sediment), trophic state (eutrophic to ultraoligotrophic) and oxygen con-
centrations (anoxic to full oxic).
The 16S rRNA gene sequences were automatically aligned with the
NAST aligner (DeSantis et al., 2006a) and imported into the Greengenes
database (DeSantis et al., 2006b) based on the ARB package (Ludwig et al.,
2004). A base frequency filter was applied to exclude highly variable positions
before sequences were added using the ARB parsimony insertion tool to the
original Greengenes tree calculated by maximum parsimony method and
provided by default.
2See Supplementary Information in Auguet et al. (2010).
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6.2.2 Phylogenetic approach
Distance matrices were constructed using the UniFrac metric. UniFrac is a
beta diversity metric that quantifies community similarity based on the phy-
logenetic relatedness (Lozupone & Knight, 2005). To assess the sources of
variation in the UniFrac matrix, we used Permutational Multivariate ANOVA
(PERMANOVA) based on 1,000 permutations (McArdle & Anderson, 2001)
with function adonis in vegan R package (Oksanen et al., 2009).
Phylogenetic diversity (PD) for each of the seven habitats was calculated
as the sum of the branch length associated with the 16S rRNA gene sequences
within this habitat (Faith, 1992). To correct for unequal number of sequences,
we calculated the mean PD of 1,000 randomized subsamples of each habi-
tat (Barberán & Casamayor, 2010).
The phylogenetic structure for each habitat was calculated with the phy-
logenetic species variability (PSV) index (Helmus et al., 2007). PSV quantifies
how phylogenetic relatedness decreases the variance of a hypothetical neutral
trait. The value is 1 when all species are phylogenetically unrelated (that is, a
star phylogeny) and approaches 0 as species become more related. To statisti-
cally test whether habitats were composed of species that are more or less re-
lated to each other than expected, we compared the mean observed PSV with
distributions of mean null values (1,000 iterations) using two different ran-
domization procedures. Null model 1 maintains species occurrence, whereas
null model 2 maintains habitat species richness (Helmus et al., 2007). Analyses
were run with the R package picante (Kembel et al., 2010).
A genetic distance matrix of the sequences from each habitat was con-
structed with a subset of studies that amplified the same 16S rDNA region.
This matrix was imported to DOTUR (Schloss & Handelsman, 2005) and used
to determine OTUs and to calculate rarefaction curves.
6.2.3 Taxon-based approach
Archaeal lineages were named following the clusters or divisions naming im-
mediately subordinate to the Crenarchaeota or Euryarchaeota phyla and pro-
vided by default in the Greengenes tree. However, several sequences seemed
not related to any labeled cluster and would have remained unaffiliated at
the lineage level. Accordingly, we named four new crenarchaeotal lineages
de novo as follows: 1.1d, 1.1e, 1.1f and 1.1 g, and one euryarchaeotal lineage
as HV-Fresh (see Figure 6.4). The HV-Fresh lineage not only contained the
already described DHVE3 (Deep Hydrothermal Vent group 3) and HV1 (Hy-
drothermal Vent group 1), but also a large number of single freshwater se-
quences. Grouping at a lower phylogenetic level was ruled out because of the
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high number of archaeal sequences not properly affiliated yet and the poor
taxonomic agreement due to the lack of cultured representatives.
Microbes have a great capacity of dispersion and one sequence of any
lineage can be retrieved in any habitat by chance. Furthermore, cross-
contamination is very possible when sampling at the interface of two habitats
(for example, sediment-water column). Hence, to identify archaeal lineages
as analogous to the concept of “indicator species” for each habitat with
enough statistical support, we constructed a table of abundances and used
the indicator value (IndVal) index, which combines relative abundance and
relative frequency of occurrence (Dufrene & Legendre, 1997). A multivariate
regression tree was computed with the R package mvpart (De’Ath, 2002) in
order to represent the relationship between the table of lineage abundances
and the environmental matrix.
6.3 Results
6.3.1 Environmental forces shaping the phylogenetic structure
of archaeal community
Natural samples from 67 globally distributed archaeal clone libraries were
sorted into an ordination plot according to phylogenetic community similar-
ity (Figure 6.1a). Habitat classification was a strong structuring factor of the
archaeal assemblages (R2 = 0.20, p-value < 0.001) and communities grouped
according to their habitat of origin (Figure 6.1a). Nonsaline environments
clearly separated from saline environments (Figure 6.1), and salinity was the
strongest and the only significant environmental factor (R2 = 0.03, p-value =
0.024). The remaining environmental factors explored (that is, temperature,
life environment, oxygen concentration and trophic status) were not signifi-
cant and explained only 8.4% of the total variance from the UniFrac matrix.
Rarefaction curves (Figure 6.2) and diversity indices (Figure 6.1b) were
determined for the seven types of habitats. The linear rarefaction curves
provided evidences that the archaeal diversity is far from exhaustively sam-
pled, particularly in freshwater, hydrothermal vent and hypersaline habitats.
PD was higher in freshwater plankton (Fwc) and hydrothermal vents (Hdv),
whereas soil (S) hold the lowest PD value (Figure 6.1b). Habitats showed
a nonrandom sampling of phylotypes from the phylogeny pool, thereby
indicating a significant phylogenetic structure. The mean observed PSV value
(0.53) was significantly lower than the null distribution for model 1 (0.75,
p-value < 0.05) and for model 2 (0.60, p-value < 0.05). Null model 1 test
suggested nonrandom associations between phylotypes among communities,
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This matrix was imported to DOTUR (Schloss and
Handelsman, 2005) and used to determine OTUs
and to calculate rarefaction curves.
Taxon-based approach
Archaeal lineages were named following the clusters
or divisions naming immediately subordinate to the
Crenarchaeota or Euryarchaeota phyla and provided
by default in the Greengenes tree. However, several
sequences seemed not related to any labeled cluster
and would have remained unaffiliated at the lineage
level. Accordingly, we named four new crenarchaeotal
lineages de novo as follows: 1.1d, 1.1e, 1.1f and
1.1 g, and one euryarchaeotal lineage as HV-Fresh
(see Figure 4). The HV-Fresh lineage not only
contained the already described DHVE3 (Deep
Hydrothermal Vent group 3) and HV1 (Hydro-
thermal Vent group 1), but also a large number of
single freshwater sequences. Grouping at a lower
phylogenetic level was ruled out because of the high
number of archaeal sequences not properly affiliated
yet and the poor taxonomic agreement due to the
lack of cultured representatives.
Microbes have a great capacity of dispersion
and one sequence of any lineage can be retrieved
in any habitat by chance. Furthermore, cross-
contamination is very possible when sampling at
the interface of two habitats (for example, sediment-
water column). Hence, to identify archaeal lineages
as analogous to the concept of ‘indicator species’
for each habitat with enough statistical support,
we constructed a table of abundances and used
the indicator value (IndVal) index, which combines
relative abundance and relative frequency of occur-
rence (Dufrene and Legendre, 1997). A multivariate
regression tree was computed with the R package
mvpart (De’Ath, 2002) in order to represent the
relationship between the table of lineage abundances
and the environmental matrix.
Results
Environmental forces shaping the phylogenetic
structure of archaeal community
Natural samples from 67 globally distributed archaeal
clone libraries were sorted into an ordination plot
according to phylogenetic community similarity
(Figure 1a). Habitat classification was a strong struc-
turing factor of the archaeal assemblages (R2¼ 0.20,
Po0.001) and communities grouped according
to their habitat of origin (Figure 1a). Nonsaline
environments clearly separated from saline environ-
ments (Figures 1a and b), and salinity was the
strongest and the only significant environmental
factor (R2¼ 0.03, P¼ 0.024). The remaining environ-
mental factors explored (that is, temperature, life
environment, oxygen concentration and trophic
status) were not significant and explained only
8.4% of the total variance from the UniFrac matrix.
Rarefaction curves (Figure 2) and diversity indices
(Figure 1b) were determined for the seven types of
habitats. The linear rarefaction curves provided
evidences that the archaeal diversity is far from
exhaustively sampled, particularly in freshwater,
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Figure 1 (a) Principal coordinate analysis (PCoA) obtained with
the UniFrac distance matrix comparing the 67 libraries summarized
in Supplementary Table 1. Principal coordinate 1 (P1) vs principal
coordinate 2 (P2) are represented. (b) Hierarchical clustering
analysis (UPGMA algorithm with Jackknife supporting values,
126 subsampled sequences, 100 replicates) carried out on the
libraries belonging to the seven habitats type previously defined by
the PCoA analysis. Distances between clusters are expressed in
UniFrac units: a distance of 0 means that two environments are
identical, and a distance of 1 means that two environments contain
mutually exclusive lineages. The number of sequence (n), number
of libraries (Nlib), phylogenetic diversity with s.d. (PD±s.d.) and
phylogenetic species variability (PSV) in each habitat is given.
S.d. for PSV index was o0.001 for all habitats.
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Figure 2 Rarefaction curves for archaeal diversity in the seven
habitats prospected. OTUs were calculated at a 97% cutoff.
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Figure 6.1: (a) Principal coordinates analysis (PCoA) obtained with the UniFrac distance matrix
comparing the 67 libraries. (b) Hierarchical clustering analysis (UPGMA algorithm with Jackknife
supporting values, 126 subsampled sequences, 100 replicates) carried out on the libraries be-
longing to the seven habitats type previously defined by the PCoA analysis. Distances between
clusters are expressed in UniFrac units: a distance of 0 mean that two environments contain mu-
tually exclusive lineag s. The number of sequences (n), number of libraries (Nlib), phylogenetic
diversity wit s.d. (PD±s.d.) and phylogen tic species variability (PSV) in each habitat is given.
S.d. for PSV index was < 0.001 for ll habitats.
with habitats containing more closely related phylotypes than expected by
chance (that is, phylogenetic clustering). The null model 2 suggested that
phylotype composition represented nonrandom samples from the phylotypes
pool (that is, significant pattern in phylotypes prevalence). Particularly,
Hdv, Fwc and Msed habitats showed the highest PSV values (that is, more
overdispersed), whereas S and Hsal the lowest (that is, more phylogenetically
clustered).
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Figure 6.2: Rarefaction curves for archeal diversity in the seven habitats prospected. OTUs were
calculated at a 97% cut-off.
6.3.2 Identifying indicator lineages and their distribution along
gradients
Both the Shannon index and the richness values (Figure 6.3 upper part)
showed again that hydrothermal vents (Hdv) and freshwater plankton (Fwc)
were the most diverse habitats, whereas soil (S) was the lowest. Overall,
13 out of 25 archaeal lineages showed a significant IndVal (p-value < 0.01)
for one single habitat (labeled with asterisk in Figure 6.3). The 1.1b, FCG1,
Thermococcales, and Thermoproteales had high IndVal values (range: 63–90),
whereas the remaining lineages showed moderate values (range: 30–49).
Methanomicrobiales and Thermoplasmatales were predominant in freshwater
and marine habitats, respectively, but the analysis was not significant for any
of them (p-value > 0.01). Freshwater archaeal communities were dominated
by the indicator archaeal group plSA1. Soil samples were dominated by the
crenarchaeal lineages 1.1b and 1.1c (abundance 76±33 %). Conversely, Crenar-
chaeota were essentially absent from hypersaline samples, where Euryarchaeota
from the Halobacteriales+SA1 lineages dominated. Remarkably, almost all the
phylogenetic groups were present in hydrothermal vents with some specific
groups exclusively found there. Hydrothermal vents also showed by far the
largest number of indicator lineages (five lineages), most of them located close
to the root of the tree (Figure 6.4). Curiously, for freshwater sediments none
of the lineages were detected as indicator at 0.01 significance level, though
Methanomicrobiales became significant at p-value < 0.05.
A multivariate regression tree analysis was carried out in order to link
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Figure 6.3: Relative proportion of archaeal lineages (based on sequence abundance) within each
of the seven habitats identified. The number of libraries and sequences used for each habitat is
given in Figure 6.1b. Error bars represent s.d. Asterisks show indicator archaeal lineages at a
significance threshold of p-value = 0.01. The richness and Shannon diversity index are given in
the upper part of the figure for each habitat.
the abundance of the lineages and environmental data. The analysis showed
an eight-leaf tree ordination (Figure 6.5) primarily based on life environment
(soils vs. sediment and plankton), and followed by salinity (hypersaline vs.
marine and freshwater), oxygen level and temperature. The ordination ex-
plained 38.5% of the phylogenetic lineage variance. As previously observed
for UniFrac analyses, samples clustered in the leaves of the tree merely in func-
tion of their habitat of origin. Nonetheless, some samples from related habitats
grouped together forced by other environmental parameters. Thus, anoxia
tended to pool together Hdv and Msed (hot- and cold-temperate anoxic ma-
rine sites), as well as Fsed and Fwc (sediments and water column from anoxic
freshwaters), whereas Hsal environments were separated between oxic and
anoxic (Figure 6.5).
Pie charts in Figure 6.5 show in detail how the relative abundance of
each phylogenetic group contributed to the separation and composition of
the leaves. Indicator lineages previously identified by the IndVal index were
mainly responsible for the regression tree topology observed. For example,
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Figure 6.4: Phylogenetic archaeal tree based on 16S rRNA gene sequences present in the
Greengenes database for the ARB software in January 2008. Sequences were inserted into
the original Greengenes tree calculated by maximum parsimony method and provided by default
by using parsimony criteria with the Archaea filter excluding highly variable positions. The nomen-
clature follows the labeled clusters or divisions provided by default in the Greengenes general tree
and immediately subordinate to the Crenarchaeota or Euryarchaeota phyla. The black square in
the centre indicates rooting to species in the domain Bacteria. Only the physiologies of indicator
lineages were represented.
the crenarchaeotal lineages 1.1b and 1.1c largely determined the initial sepa-
ration soil vs aquatic environments in agreement with the previous analyses
that classified these lineages as typical soil inhabitants.
6.4 Discussion
Archaeal ecology derived from cultured representatives (54 cultured species
reported so far, and spread in 18 lineages, Schleper et al., 2005) provided for
many years a strongly biased view on the diversity and distribution of the
third Domain of life in the biosphere. Basically, they were considered ex-
tremophiles thriving under severe extremes of environmental gradients. The
emergence of culture independent molecular techniques unveiled the ubiqui-
tous distribution of Archaea (Casamayor & Borrego, 2009; Chaban et al., 2006;
Schleper, 2007) and also revealed a hidden PD in the Domain with, to date,
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Figure 6.5: Multivariate regression tree (MRT) analysis of the interaction between archaeal lin-
eage abundance (in terms of sequence number) and environmental parameters. The model ex-
plained 38.5% of the variance in the whole data set. Pies under each leaf represent the mean
of normalized archaeal lineage abundance for each lineage significantly correlated with environ-
mental parameters.
up to 49 mostly uncultured lineages (Schleper et al., 2005; Schleper, 2007). Ob-
viously, to gain knowledge on the true ecology of the Domain, all the com-
ponents should be analyzed as a whole. However, detailed comparative eco-
logical studies to fully appreciate the distribution, community patterns and
environmental drivers of uncultured Archaea are missing. To fill this gap, our
analytical approach revealed for the first time well-defined community pat-
terns along global environmental gradients and habitat types for uncultured
Archaea.
Archaeal communities were more similar within habitats than among
habitats. This clustered phylogenetic structure (that is, more closely related
phylotypes than expected from a random distribution within habitats) is con-
sistent with the concept of habitat filtering (Helmus et al., 2007). Curiously,
salinity rather than temperature explained a significant part of these distribu-
tion patterns. Salinity was also recently recognized as a key environmental
factor globally structuring bacterial communities (Lozupone & Knight, 2007).
Other environmental factors such as oxic–anoxic conditions probably also
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had a significant role structuring the observed patterns. Overall, the two
phylogenetically independent domains of life (that is, Archaea and Bacteria)
shared similar broad trends, suggesting a commonality in the types of factors
that are important for prokaryotes distribution.
The lack of environmental information associated with database sequences
was, however, a strong limitation of meta-analysis and may have hampered
a better explanation for the global archaeal patterns observed here. As stated
by other authors, it becomes crucial to gain a consensus rationale for mea-
suring and reporting some basic environmental variables in microbial sur-
veys (Robertson et al., 2005; Field et al., 2008). In addition, our approach
contained a stochastic component inherent to any environmental study (Sloan
et al., 2006). And the 16S rRNA molecule may not be the most suitable marker
to target fine biogeographical patterns because of its highly conserved nature.
However, several studies agree that this approach remains still valuable as the
first step for exploring general ecological patterns in uncultured microorgan-
isms (Reche et al., 2005, 2007; Ramette & Tiedje, 2007, and references therein).
Nonetheless, these limitations were not strong enough to blur the pow-
erful effect of local environmental selection on archaeal diversity. Interest-
ingly, both phylogenetic and taxon-based approaches revealed similar diver-
sity patterns, suggesting that all the phylotypes of a lineage roughly shared
the same distribution and probably the same physiology as in the case of
methanogens, halophiles, thermophiles and ammonia oxidizers, all of them
clustered in specific functional groups. These observations agree with a recent
study (Von Mering et al., 2007) that showed a significant correlation between
habitat and evolutionary relatedness for microorganisms, even for taxa related
at the order level, suggesting that truly adapted specialists acquired their abil-
ities long time ago. To ascertain who were the true archaeal specialists, we use
the concept of indicator species borrowed from plant and animal ecology.
We defined as specialists those archaeal lineages that were more frequently
represented in most of the sites within a specific habitat, a definition closely
related to the concept of indicator species used in ecology (Dufrene & Leg-
endre, 1997). We applied this concept to the whole set of archaeal lineages,
unveiling up to 13 lineages with significant IndVal values. We found at least
one indicator lineage for each habitat at a significance threshold of p-value =
0.01, except for freshwater sediments. Thus, this original approach provided
a novel ecological support for the sometimes arbitrary nomenclature found in
uncultured archaeal clusters, and heavily supported the attributes previously
given for crenarchaeotal 1.1a as the marine planktonic group (“marine plank-
ton group 1”, DeLong 1998), or to the 1.1b as the soil crenarchaeotal group.
In addition, this approach provided new phylogeographical clues on eco-
logical and evolutionary aspects of the archaeal biology. As acquisition of
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the essential functions to be permanently adapted to a habitat requires an ex-
tended period of time (Von Mering et al., 2007), the lack of indicator archaeal
lineages in freshwater sediments may indicate a late archaeal colonization.
Conversely, hydrothermal vents exhibited by far the highest number of in-
dicator lineages and this may indicate that we were dealing with the earli-
est habitat colonized by Archaea. Although the thermophilic origin of plank-
tonic Archaea is still a matter of debate (DeLong, 1998; Brochier-Armanet et al.,
2008), the presence in hydrothermal vents of representatives from almost all
archaeal lineages (especially those at the root of the tree in Figure 6.4) offers
another piece of the puzzle supporting Hdv as the cradle of planktonic Archaea
and probably of the origin for the common archaeal ancestor.
The indicator archaeal lineages identified by the IndVal index produced
the clustering topology observed in the multivariate regression tree analy-
sis, confirming that these groups were the best-adapted assemblages to the
prevailing environmental conditions for each habitat. If environmental forc-
ing selects microorganisms on the basis of their functional capacities, indi-
cator lineages should be, consequently, among the main players in the piv-
otal ecological functions within the habitat. Good examples are the Metha-
nomicrobiales and Methanosarcinales (indicator groups for freshwater and ma-
rine sediments, respectively), well known as central components for anaero-
bic organic matter degradation coupled to methanogenesis in aquatic envi-
ronments. Haloarchaeales also constitute the most active population for or-
ganic matter degradation in hyperhaline environments (e.g. Gasol et al., 2004),
whereas in hydrothermal vents chemolithoautotrophs members of the Ar-
chaeoglobales and the Thermoprotei are recognized as key primary producers
under anaerobic conditions by coupling oxidation of hydrogen gas with sul-
fate reduction (Segerer et al., 1993, and references therein). Furthermore, from
the recent cultivation of the autotrophic ammonia oxidizer Crenarchaeota Ni-
trosocaldus yellowstonii (De la Torre et al., 2008), we can hypothesize a signifi-
cant role in the nitrogen cycle of Hdv by members of the 1.1g group. Similarly,
Crenarchaeota from the 1.1a and 1.1b groups are thought to be important nitri-
fiers in planktonic marine systems and soils (Francis et al., 2007). Finally, 3
out of 13 indicator archaeal lineages (that is, MSBL1, FCG1 and plSA1) did
not contain cultivated counterparts or genomic fragments good enough to ex-
tract functional information (Figure 6.4). For the MSBL1 lineage, however, a
putative methanogenic metabolism was inferred according to its phylogenetic
allocation (van der Wielen et al., 2005). No physiological information is avail-
able so far for the FCG1 lineage (marine sediments) and, particularly, for the
plSA1 lineage (characteristic of freshwater habitats) where peculiar fast evolv-
ing 16S rRNA gene sequences (long branches) were observed (Figure 6.4).
These three lineages, for which ecological importance has remained unseen
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to date, deserve further and detailed attention as they represent potential key
archaeal groups in term of distribution and ecological processes in their re-
spective habitats.
In the coming future, new genomic tools will offer a wider picture of the
archaeal diversity that will probably lead to substantial changes in current
archaeal phylogeny (Brochier-Armanet et al., 2008; Robertson et al., 2005;
Schleper et al., 2005). A correct positioning of the lineages within the phyloge-
netic tree topology is a fundamental issue to extract insights into the evolution
and metabolic capacities of uncultured Archaea. In essence, both success in
bringing into culture more archaeal representatives from a larger range of
phyla and a higher sequencing effort are still needed to get a more realistic
picture of archaeal diversity and phylogeny. In this context, the diversity anal-
yses reported here offered unexpected views unveiling hydrothermal vents
and planktonic freshwater ecosystems as the largest reservoirs of archaeal
diversity and, therefore, promising environments for the discovery of new
archaeal lineages. This would encourage a new focus on sequencing efforts,
as these two habitats are by far less thoroughly sampled than soil or marine
habitats (for example, planktonic freshwater sequences only represent 2.5%
of total archaeal sequences in GenBank). Conversely, archaeal diversity in
soils was unexpectedly low even though soil microbial diversity is assumed
to be one of the highest on Earth (Torsvik & Ovreas, 2002). As previously
observed for soil bacteria (Lozupone & Knight, 2007), the archaeal soil diver-
sity was the result of a high number of closely related phylotypes rather than
different lineages. This is confirmed here by the lowest PSV value indicating
a high degree of phylogenetic clustering in soil archaeal assemblages. This
peculiar characteristic of soils as compared with aquatic habitats certainly
deserves further attention. A first element to consider would be the lowest
evolutionary rates observed in soils that could be related to the faculty of
microorganisms to enter in dormancy during long stressing periods (for
example, winter, desiccation; Von Mering et al., 2007).
Overall, our approach revealed for the first time well-defined global pat-
terns in the distribution of uncultured Archaea with a strong environmental
filtering component. Archaeal indicator lineages were identified for specific
habitats leading the classification of uncultured Archaea into a more compre-
hensive and ecological framework. Such lineages appear as good targets in
future research for finely depicting the links between ecological drivers and
archaeal biology. Emerging patterns will help to guide future research on ar-
chaeal biology and ecology.
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Phylogenetic ecology of
widespread uncultured clades
of the Kingdom Euryarchaeota
Resumen
A pesar de su extensa distribución y su gran diversidad filogenética, los mi-
croorganismos continúan siendo desconocidos a nivel ecológico. Con el fin
de ahondar en la distribución ambiental y la historia evolutiva se aplicó una
aproximación de ecología filogenética basada en secuencias del gen 16S rRNA
a dos grupos del reino Euryarchaeota, Lake Dagow Sediment (LDS) y Rice
Cluster-V (RC-V). La historia evolutiva inferida indicó que ambos grupos han
sufrido evolución específica en cada ambiente, con notables eventos de tran-
sición entre hábitats. Comparado con otros grupos microbianos de arqueas,
ambos grupos presentaron remarcables niveles de diversidad genética posi-
blemente fomentada por su adaptabilidad ambiental y la heterogeneidad de
las masas de agua continentales donde medran. Los diversificación a lo largo
de la historia filogenética se concentró tanto en los instantes iniciales como
en los más recientes. Para la mayoría de microorganismos, la diferenciación
genética y fisiológica que habilita la explotación de los recursos ambientales
sigue desconocida. La inferencia de la historia evolutiva a partir de filogenias
moleculares basadas en el gen ribosomal del 16S permite una perspectiva eco-
lógica con la que escudriñar las estrechamente entrelazadas relaciones entre
los linajes, el ambiente y la contingencia histórica en el mundo microbiano.
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Abstract 1
Despite its widespread distribution and high levels of phylogenetic diversity,
microbes are poorly understood creatures. We applied a phylogenetic ecol-
ogy approach in the Kingdom Euryarchaeota to gain insight into the environ-
mental distribution and evolutionary history of one of the most ubiquitous
and largely unknown microbial groups. We compiled 16S rRNA gene se-
quences from our own sequence libraries and public genetic databases for two
of the most widespread mesophilic Euryarchaeota clades, Lake Dagow Sedi-
ment (LDS) and Rice Cluster-V (RC-V). The inferred population history indi-
cated that both groups have undergone specific non-random evolution within
environments, with several noteworthy habitat transition events. Remark-
ably, the LDS and RC-V groups had enormous levels of genetic diversity when
compared with other microbial groups, and proliferation of sequences within
each single clade was accompanied by significant ecological differentiation.
Additionally, the freshwater Euryarchaeota counterparts unexpectedly showed
high phylogenetic diversity, possibly promoted by their environmental adapt-
ability and the heterogeneous nature of freshwater ecosystems. The tempo-
ral phylogenetic diversification pattern of these freshwater Euryarchaeota was
concentrated both in early times and recently, similarly to other much less di-
verse but deeply sampled archaeal groups, further stressing that their genetic
diversity is a function of environment plasticity. For the vast majority of liv-
ing beings on Earth (i.e. the uncultured microorganisms), how they differ in
the genetic or physiological traits used to exploit the environmental resources
is largely unknown. Inferring population history from 16S rRNA gene-based
molecular phylogenies under an ecological perspective may shed light on the
intriguing relationships between lineage, environment, evolution and diver-
sity in the microbial world.
7.1 Introduction
The largest part of microorganisms is still uncultured, and therefore, their
ecology, physiology and metabolic potentials remain widely unknown. The
relationships between lineage, environment, evolution and diversity are also
largely unexplored in the microbial world. Over the last 15 years, very few
microorganisms have attracted so much interest as the Archaea (mainly the
Kingdoms Crenarchaeota and Euryarchaeota), the third domain of life. These
widespread enigmatic microbes have changed the microbial ecologists’ point
of view on archaeal ecology with the discovery of mesophilic archaea (mostly
1See original publication in Barberán et al. (2011).
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Crenarchaeota) as abundant members of aquatic ecosystems (e.g. Karner et al.,
2001; Auguet & Casamayor, 2008) and key components linking the global car-
bon (i.e. carbon dioxide fixing, Auguet et al., 2008; De la Torre et al., 2008;
Herndl et al., 2005) and nitrogen (i.e. ammonia oxidation, Francis et al., 2005)
cycling. Most of the knowledge currently available for mesophilic Crenar-
chaeota relies both on molecular in situ studies (surveys on the 16S rRNA gene
and a few functional markers such as the crenarchaeotal amoA gene that codes
for an ammonia monooxygenase) and on the successful culturing of the ma-
rine mesophilic Crenarchaeota Candidatus Nitrosopumilus maritimus (Könneke
et al., 2005). What is currently known on the ecophysiological relevance of
Euryarchaeota mainly arises from the strains grown in pure culture and on the
ca. 30 genomes available in databases. Most of them belong, however, to ex-
tremophiles (i.e. thermophiles and halophiles) and methanogens, distantly
related to their mesophilic counterparts. There is therefore a big gap in the
current knowledge of the ecology and population history of mesophilic Eur-
yarchaeota beyond methanogens and halophiles.
Despite the lack of information on the whole ecological potential of
mesophilic Euryarchaeota, the increasing number of environmental ribosomal
gene surveys has expanded their phylogenetic scope with a large number of
uncultured lineages. Mesophilic Euryarchaeota have been initially described in
marine environments where they mainly belong to Group II, III and IV within
the Thermoplasmatales lineage, Group II being the most abundant (DeLong,
1998; Auguet et al., 2010; Galand et al., 2010). Although less documented,
uncultured Euryarchaeota have also been frequently recovered from inland
waters and essentially belong to two highly diverse lineages originally called
LDS (Lake Dagow sediment, Glissman et al., 2004) and RC-V (Rice Cluster-V,
Grosskopf et al., 1998), respectively. Such lineages have been described in
different types of inland waters ranging from lakes and ponds (Jurgens et al.,
2000; Auguet & Casamayor, 2008), rivers (Dumestre et al., 2002; Galand
et al., 2006) and meromictic lakes (Casamayor et al., 2001; Llirós et al., 2008;
Pouliot et al., 2009) and have been recently grouped as the HV-Fresh and
PlSA1 lineages (Auguet et al., 2010). LDS and RC-V groups are therefore
ubiquitous and very diverse in aquatic ecosystems, suggesting that they have
a key functional role, especially in freshwater habitats (Auguet et al., 2010).
As no cultured representatives of these groups exist, their physiology and
metabolisms remain unknown as well as their role in the ecosystems.
To gain insight into the ecological factors of environmental distribution
and phylogenetic structure of such important groups of microbes, we com-
bined both phylogenetic and computational methods with ecological analy-
sis on the large data set of genetic information available for LDS and RC-V
groups. We carried out an extensive survey on the public 16S rRNA gene
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database and on the sequences from our own monitoring of cold environ-
ments (i.e. high mountain lakes and the Arctic) to conduct a detailed com-
munity phylogenetic analysis. We also added diversity measurements and
macroevolutionary analyses to define and interpret the global ecological rele-
vance of the LDS and RC-V lineages in natural ecosystems. The inference of
the rate and patterns of cladogenesis over time and among taxa provided a
step forward to more deeply explore the natural history of these microorgan-
isms.
7.2 Methods
7.2.1 Database construction
16S rRNA gene sequences of the Euryarchaeota groups Rice Cluster-V (RC-V)
and Lake Dagow Sediment (LDS) were obtained from data provided in pub-
lished papers and from our own work in high-altitude Pyrenean lakes (Au-
guet & Casamayor, 2008) and Arctic aquatic systems (Galand et al., 2006).
The data set was completed with additional sequences directly retrieved from
the NCBI nonredundant (nr) database in GenBank by Blast search (searches
performed in June 2008, release 166). Only sequences from natural environ-
ments were retained, whereas artificial human-generated environments were
excluded. The different authors used slightly different primers that covered
non-full-overlapping regions of the 16S rRNA gene. This primer effect was,
however, minor and less important than the ecosystem effect in the commu-
nity analyses (Liu et al., 2007). Sequences were screened for quality (no nu-
cleotide ambiguities present), and both sequences shorter than 200 nucleotides
length and sequences without basic ancillary environmental data were dis-
carded. The final global data set ended with 482 sequences for RC-V and 368
sequences for LDS.
Additionally, we compiled three basic environmental features from the
original publications roughly characterizing the environment from which
each sequence was retrieved. We defined those features as habitat (soil,
sediment or water), salinity (hypersaline, saline or nonsaline) and oxic status
(oxic or anoxic), respectively. Unfortunately, other important environmen-
tal variables for Archaea such as pH, temperature or trophic state (Auguet
et al., 2010) could not be included because of the lack of information in
the original publications for the complete set of data or because there was
no environmental variation across the selected sequences. All sequences
and environmental information used are available as a FASTA file in Data
Accessibility (Appendix).
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7.2.2 Phylogenetic analyses
Phylogenetic inference was derived after two complementary approaches:
First, a de novo reconstruction using maximum likelihood (ML) and, second,
an insertion method by parsimony into a reference 16S rRNA backbone tree.
The ML method is more accurate regarding tree topology and was thus used
for the diversity and diversification analyses that rely on the most accurate
determination of branch lengths. We also compared topologies by parsimony
tree reconstruction and the same conclusions were obtained. The sequences
were aligned with MAFFT [v6.603] with the algorithm E-INS-i (Katoh & Toh,
2008). The resultant alignment was manually checked and further trimmed
using GBLOCKS to eliminate poorly aligned positions and highly divergent
regions making the final alignment, although shorter, more suitable and
reproducible for phylogenetic analysis (Castresana, 2000). Thus, the final
alignment consisted of 650 characters for LDS and 600 characters for RC-V,
respectively. Phylogenies were reconstructed using RAxML [v7.0.3] (Sta-
matakis, 2006) under the general time reversible (GTR) + GAMMA model
with 1,000 bootstrap pseudoreplicates and a ML search of the best tree
topology. The 16S rRNA gene of Nitrosopumilus maritimus SCM1 was used
as outgroup. ML trees are available as Newick files in Data Accessibility
(Appendix).
The insertion method, in turn, was used for comparison with other ar-
chaeal groups. In this case, the 16S rRNA gene sequences were aligned
with the Nearest Alignment Space Termination (NAST) algorithm (DeSantis
et al., 2006a) and imported by a parsimony algorithm into the ARB-formatted
backbone Greengenes tree (DeSantis et al., 2006b; Ludwig et al., 2004) with
a frequency filter to exclude highly variable positions. The archaeal groups
Methanobacteriales (431 sequences) and Cenarchaeales (348 sequences) were
selected for comparisons because of (i) their equivalent number of sequences,
(ii) similar phylogenetic depth in the general Archaea tree and (iii) wide
environmental distribution.
7.2.3 Data analysis
We used UniFrac (Lozupone & Knight, 2005) to assess whether evolution had
separated the communities that inhabit different environments. The UniFrac
test is based on the disparity between the observed β-diversity metric and
the metrics of 100 random distributions of the sequences among the environ-
ments.
Two phylogenetic measures were used to determine the sequence diversity
within each environmental feature and to assess how such genetic diversity
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was structured. Phylogenetic diversity (PD) was calculated as the sum of the
branch length in a phylogenetic tree (Faith, 1992). To correct for unequal num-
ber of sequences, we calculated the mean PD of 1,000 randomized subsamples.
The subsample size was the number of sequences present in the smallest data
set for each case. The phylogenetic structure was measured with the phyloge-
netic species variability index (PSV; Helmus et al., 2007). The index quantifies
how phylogenetic relatedness declines the variance of a hypothetical neutral
trait. The value is 1 when all species are unrelated (i.e. a star phylogeny) and
moves towards 0 as species become more phylogenetically related.
We also constructed ultrametric trees (i.e. a tree in which all branch tips are
equidistant from the root) by nonparametric rate smoothing (NPRS; Sander-
son, 1997) to estimate relative time (scaling to an arbitrary tree age of 1) using
molecular phylogenies. Then, we plotted lineage-through-time (ltt) plots and
calculated the γ-statistic (Pybus & Harvey, 2000). If diversification has been
constant through time, the parameter γ = 0 and a straight line in the ltt plot is
expected. If the diversification slowed, then γ < 0 and the ltt plot lays above
the straight line, while if there is an acceleration in the rate of lineage accumu-
lation, the parameter γ > 0 and the ltt shows the opposite result (Martin et al.,
2004).
All analyses were carried in the R environment (http://www.r-project.org/)
using ape (Paradis et al., 2004) and picante (Kembel et al., 2010) packages.
7.3 Results
Figure 7.1 shows the reconstructed ML phylogenetic trees for the euryarchaeal
clades LDS (Figure 7.1, panel A) and RC-V (Figure 7.1, panel B) framed within
their environmental context. Visually, the clustering already indicated a close
relationship between the 16S rRNA gene identities and the environmental fea-
tures. To deeply explore the phylogenetic ecology of these two clades, we
initially tested the association between the environment and the evolution-
ary process through UniFrac analysis. The results were highly significant
(p-value < 0.01) for the environmental features tested (i.e. habitat, salinity
and oxic status) and for each euryarchaeal group, suggesting specific evolu-
tion within each environment. Most of the sequences were recovered from
freshwater ecosystems (approximately 55%), and interestingly, freshwater se-
quences were basal for each group and closely related to the root of the tree
(Figure 7.1).
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Figure 7.1: Euryarchaeota LDS (panel A) and RC-V (panel B) maximum-likelihood (ML) phy-
logenetic trees with environmental features mapped as rings. From outer to inner rings: oxic
status, salinity and habitat, respectively. Diversification rates plotted as lineage-through-time (ltt)
plots based on ultrametric trees (nonparametric rate smoothing, NPRS). The null tree refers to
the model of constant diversification through time and γ = 0. Phylogenetic trees were drawn with
iTOL (Letunic & Bork, 2007).
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Phylogeny refers to the evolutionary history of a group. To add this view
to this ecological study, we plotted the number of lineages in relation to a
relative scale of time (ltt plots). In the ltt plots, present time corresponds to
relative time 0, whereas relative time -1 is the initial diversification period
(Figure 7.1, bottom graphs). The null model tree of expected constant diver-
sification through time (γ = 0) represented by a straight line on a semiloga-
rithmic plot (see in the panel) showed a striking discrepancy to the observed
euryarchaeal ltt plots. Both LDS and RC-V showed a consistent increase in the
net diversification rate towards present (steeper slope towards relative time
0). Initially, each euryarchaeal group had also rapid lineage accumulation
rates that, combined to the recent diversification processes, resulted in high
γ parameters (γ = 23.22 for RC-V and γ = 25.10 for LDS).
For both groups, we identified particular diversification events related to
the distribution of the environmental features considered. These diversifica-
tion events may have shaped the observed phylogenetic tree topology of the
LDS and RC-V euryarchaeal clades. The LDS phylogeny (Figure 7.1, panel
A) indicated that most of the saline and anoxic sequences appeared recently
in the history of the group (bootstrap = 100) and then, after the initial expan-
sion, were dominated by freshwater members except for a late diversification
event when again new anoxic and saline members emerged. In the case of
the RC-V group (Figure 7.1, panel B), most of the recovered sequences from
anoxic environments appeared because of a late specific diversification event
(bootstrap = 95). Additionally, the RC-V tree clearly illustrated two examples
of recently diversified hypersaline and freshwater clusters (bootstrap = 100, in
both cases) characterized by a sudden emergence of closely related members.
We also assessed the genetic richness within each environment. Both LDS
and RC-V accumulated higher phylogenetic diversity (PD) in oxic freshwaters
and sediments than in soils (Table 7.1). Conversely, owing to the evolutionary
history mentioned earlier, hypersaline environments were substantially less
diverse for RC-V. Hypersaline habitats were also most clustered for RC-V in
terms of phylogenetic structure (the lowest PSV value, meaning closely related
members and similar lineages; Table 7.1). Therefore, salinity concentration
differently shaped the genetic diversity contained within the environments.
Phylogenetic diversity rarefaction curves show how the addition of se-
quences increases branch length into a given phylogenetic tree (Figure 7.2). In
the case of LDS and RC-V, the accumulation of PD did not reach an asymptote
evidencing that the current diversity is the tip of the iceberg from the entire
diversity existing in the environment. Conversely, a saturated PD rarefaction
curve was observed for the archaeal groups used as reference, i.e. Methanobac-
teriales (typical Euryarchaeota mostly confined to anoxic marine and terrestrial
habitats) and Cenarchaeales (ubiquitous marine and freshwater Crenarchaeota).
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Table 7.1: Phylogenetic measures of the RC-V and LDS inferred trees in relation to all environ-
mental features considered. The mean phylogenetic diversity (PD) of 1,000 randomized subsam-
ples and the phylogenetic species variability index (PSV) are indicated.
RC-V LDS
Number of sequences PD PSV Number of sequences PD PSV
Habitat
Water 282 7.72 0.50 228 7.67 0.23
Sediment 154 6.57 0.39 106 7.89 0.24
Soil 46 4.86 0.37 34 4.80 0.23
Salinity
Hypersaline 66 4.14 0.31 30 6.59 0.25
Saline 146 8.17 0.37 78 6.03 0.24
Nonsaline 270 11.26 0.51 260 7.10 0.22
Oxic status
Anoxic 218 20.47 0.40 130 17.65 0.24
Oxic 264 23.13 0.51 238 20.10 0.24
Thus, the LDS and RC-V groups had much larger levels of genetic diversity
when compared with other more deeply studied Archaea. In addition, we
observed that for the same sampling effort the RC-V group was consistently
more phylogenetically diverse than LDS.
groups had much larger levels of genetic diversity
when compared with other more deeply studied
Archaea. In addition, we observed that for the same
sampling effort the RC-V group was consistently more
phylogenetically diverse than LDS.
Finally, as the reconstruction of the microbial phylo-
genetic trees presented here relied on the 16S rRNA
gene, we explored in detail the primary structure of
such gene for each Euryarchaeota group. We observed
that each lineage showed great divergence in the
sequence but this low sequence identity was not related
to insertions in the highly variable regions of the 16S
rRNA gene. This divergence was usually reflected as
long-branch lengths in the phylogenetic tree when com-
pared with other archaeal groups. Further, most of the
diversity in the LDS and RC-V groups was detected at
a 97% sequence identity cut-off (corresponding to the
first break in the slope, Fig. 3). In contrast, the diversity
in prokaryotic groups usually relies at a 99% sequence
identity level, as illustrated for Methanobacteriales and
Cenarchaeales (Fig. 3). Altogether, the LDS and RC-V
groups contained enormous levels of genetic diversity
when compared with other archaeal groups, and prolif-
eration of sequences within each single group was
accompanied by significant ecological differentiation.
Discussion
Microorganisms are recognized as key players for Earth’s
ecosystems (Falkowski et al. 2008), but most of the biodi-
versity and ecology within the microbial world remain
poorly known. This holds especially true for the King-
dom Euryarchaeota that contains abundant and diverse
uncultured inhabitants in aquatic environments with an
unknown functional role. In surface marine waters, a few
groups of Euryarchaeota have the proteorhodopsin gene
(Frigaard et al. 2006) that could produce supplemental
energy for growth and give a competitive advantage. In
deeper water, metagenomic studies have detected Group
II Euryarchaeota holding putative genes for anaerobic
respiratory chains, which might suggest that they gain
energy through anaerobic respiration (Martin-Cuadrado
et al. 2008). In freshwater ecosystems, however, there is a
complete lack of knowledge on the potential physiology
and ecology of widespread mesophilic Euryarchaeota.
The LDS and RC-V groups have been often detected in
nonsaline oxic waters and sediments (Glissman et al.
2004; Galand et al. 2006; Herfort et al. 2009), and it has
been suggested that they are typical freshwater members
not adapted to soils (Auguet et al. 2010). Our phyloge-
netic analysis indicated that freshwater sequences rooted
deeply in the LDS and RC-V phylogenetic trees and that
they had high genetic diversity, further supporting that
they are particularly specific and well adapted to fresh-
waters. However, it appears that they also had the ability
to diversify and successfully colonize other habitats. For
instance, we have shown that the RC-V lineage experi-
enced a consistent recent hypersaline transition. Envi-
ronmental transitions are important processes in the
phylogenetic history of Euryarchaeota as specific evolu-
tion occurs within each habitat (see Logares et al. 2009
for a review on this topic). Although microbial lineages
remain specific to macroenvironments over long evolu-
tionary times (von Mering et al. 2007), the present study
shows finer correlations between phylogeny and envi-
ronment inside narrower phylogenetic clades. However,
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Finally, as the reconstruction of the microbial phylogenetic trees presented
here relied on the 16S rRNA gene, we explored in detail the primary struc-
ture of such gene for each Euryarchaeota group. We observed that each lineage
showed great divergence in the sequence but this low sequence identity was
not related to insertions in the highly variable regions of the 16S rRNA gene.
This divergence was usually reflected as long-branch lengths in the phylo-
genetic tree when compared with other archaeal groups. Further, most of the
diversity in the LDS and RC-V groups was detected at a 97% sequence identity
cut-off (corresponding to the first break in the slope, Figure 7.3). In contrast,
the diversity in prokaryotic groups usually relies at a 99% sequence identity
level, as illustrated for Methanobacteriales and Cenarchaeales (Figure 7.3). Al-
together, the LDS and RC-V groups contained enormous levels of genetic di-
versity when compared with other archaeal groups, and proliferation of se-
quences within each single group was accompanied by significant ecological
differentiation.
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The LDS and RC-V groups have been often detected in
nonsaline oxic waters and sediments (Glissman et al.
2004; Galand et al. 2006; Herfort et al. 2009), and it has
been suggested that they are typical freshwater members
not adapted to soils (Auguet et al. 2010). Our phyloge-
netic analysis indicated that freshwater sequences rooted
deeply in the LDS and RC-V phylogenetic trees and that
they had high genetic diversity, further supporting that
they are particularly specific and well adapted to fresh-
waters. However, it appears that they also had the ability
to diversify and successfully colonize other habitats. For
instance, we have shown that the RC-V lineage experi-
enced a consistent recent hypersaline transition. Envi-
ronmental transitions are important processes in the
phylogenetic history of Euryarchaeota as specific evolu-
tion occurs within each habitat (see Logares et al. 2009
for a review on this topic). Although microbial lineages
remain specific to macroenvironments over long evolu-
tionary times (von Mering et al. 2007), the present study
shows finer correlations between phylogeny and envi-
ronment inside narrower phylogenetic clades. However,
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7.4 Discussion
Microorganisms are recognized as key players for Earth’s ecosystems (Falkowski
et al., 2008), but most of the biodiversity and ecology within the microbial
world remain poorly known. This holds especially true for the Kingdom
Euryarchaeota that contains abundant and diverse uncultured inhabitants in
aquatic environments with an unknown functional role. In surface marine wa-
ters, a few groups of Euryarchaeota have the proteorhodopsin gene (Frigaard
et al., 2006) that could produce supplemental energy for growth and give a
competitive advantage. In deeper water, metagenomic studies have detected
Group II Euryarchaeota holding putative genes for anaerobic respiratory
chains, which might suggest that they gain energy through anaerobic respira-
tion (Martin-Cuadrado et al., 2008). In freshwater ecosystems, however, there
is a complete lack of knowledge on the potential physiology and ecology of
widespread mesophilic Euryarchaeota.
The LDS and RC-V groups have been often detected in nonsaline oxic wa-
ters and sediments (Glissman et al., 2004; Galand et al., 2006; Herfort & Jung-
Hyun, 2009), and it has been suggested that they are typical freshwater mem-
bers not adapted to soils (Auguet et al., 2010). Our phylogenetic analysis in-
dicated that freshwater sequences rooted deeply in the LDS and RC-V phylo-
genetic trees and that they had high genetic diversity, further supporting that
they are particularly specific and well adapted to freshwaters. However, it ap-
pears that they also had the ability to diversify and successfully colonize other
habitats. For instance, we have shown that the RC-V lineage experienced a
consistent recent hypersaline transition. Environmental transitions are impor-
tant processes in the phylogenetic history of Euryarchaeota as specific evolu-
tion occurs within each habitat (see a recent review by Logares et al., 2009).
Although microbial lineages remain specific to macroenvironments over long
evolutionary times (Von Mering et al., 2007), the present study shows finer
correlations between phylogeny and environment inside narrower phyloge-
netic clades. However, our observations may be quite conservative because
we dealt with general and qualitative environmental features that do not re-
flect the true complexity of the microhabitats where microorganisms grow.
In general, it has been shown that >50% of microbial 16S rRNA se-
quences fall into discrete microdiverse clusters containing <1% sequence
divergence (Acinas et al., 2004). Such microheterogeneity in the ribosomal
sequences has been observed in a wide range of environments and in genetic
libraries obtained from Bacteria, Archaea and eukaryotic microorganisms,
suggesting this might be a widespread characteristic of microbial popula-
tions (Casamayor et al., 2002). Interestingly, the LDS and RC-V euryarchaeal
groups differed from this general observation showing highly diverse phy-
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logenetic trees composed of clusters characterized by long-length branches.
This characteristic was also reflected in the steepness of the PD rarefac-
tion curves, indicating that there is still larger phylogenetic diversity to be
discovered within these Euryarchaeota. This adds additional evidence that
freshwater ecosystems are good potential targets for the discovery of new
archaeal lineages (Auguet et al., 2010). Freshwater habitats are heterogeneous
ecosystems with a wide variety of potential functional niches involved in
most of the biogeochemical cycles. By contrast, and as in the case of the
RC-V group, sequences from hypersaline environments were the less diverse
and with a more clustered phylogenetic distribution. This result agrees with
the view that extreme environments limit the number of available niches
restricting the range of their possible inhabitants (Casamayor et al., 2000a;
Estrada et al., 2004).
Remarkably, the LDS and RC-V groups had enormous levels of genetic di-
versity (particularly the RC-V) when compared with other archaeal groups,
raising the question on the cause of this diversity in terms of evolutionary and
ecological mechanisms. Phylogenies derived from molecular data provide an
indirect record of the speciation events that have led to extant species, reflect-
ing the tempo and mode of macroevolutionary processes related to diversifi-
cation (Mooers & Heard, 1997). However, the study of macroevolution in mi-
croorganisms suffers from two obvious flaws: the lack of fossil records and the
unknown scope of the true diversity (Curtis et al., 2002). Different interpreta-
tions have arisen when explaining the observed patterns of microbial diversi-
fication. Evolutionary considerations stress that different processes can lead to
departures from the expectations of the constant speciation rate (Barraclough
& Nee, 2001). In a previous meta-analysis using phylogenetic trees inferred
for microorganisms, the general pattern conformed to expectations assuming
a constant speciation rate (γ = 0). However, microbial eukaryote trees exhib-
ited more variation than prokaryote trees. The authors hypothesized that the
possible effect of horizontal gene transfer (HGT) on prokaryote macroevolu-
tionary dynamics may account for this difference (Martin et al., 2004). Prob-
ably in microeukaryotes, successful lateral events tend to occur among more
closely related species, or at a lower frequency, than in prokaryotes. Contrast-
ingly, a meta-analysis using 245 molecular phylogenies of macroorganisms
(Arthropoda, Chordata, Mollusca and Magnoliophyta) indicated that although
clades showed great heterogeneity, the average γ was below 0 (McPeek, 2008).
Assuming we were working with the most resolute and suitable trees, the ob-
served patterns for the euryarchaeal groups studied here agree with the theory
of an actual increase in diversification rate or a constant background extinction
rate (high relative to the constant speciation rate). Furthermore, both groups
showed rapid lineage accumulation rates in the earliest times but also recent
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diversification (γ = 23.22 for RC-V and γ = 25.10 for LDS). Surprisingly, the
archaeal groups used as a reference showed the same diversification pattern
(γ = 30.46 for Methanobacteriales and γ = 20.18 for Cenarchaeales), suggesting
that similar tree topologies regarding speciation events can be completely dif-
ferent in branch length accumulation. Additionally, these results overlook the
possible effect of incomplete sampling because the same pattern was observed
for deeply sampled groups (Methanobacteriales and Cenarchaeales) and groups
with a high potential of diversity discovery (LDS and RC-V). In any case, in-
complete sampling tends to underestimate the number of nodes towards the
present creating an apparent slowdown in diversification rates biasing against
phylogenies with γ > 0 (Barraclough & Nee, 2001).
The missing component in these macroevolutionary models is the eco-
logical context of speciation and extinction. Clades diversify in an ecological
context, but most models do not directly encapsulate the ecological mecha-
nisms that influence speciation. A recently published metacommunity model
was able to generate the full range of patterns by simply manipulating the
degree of ecological differentiation of new species at the time of specia-
tion (McPeek, 2008). According to such results, the initial upturn of lineage
accumulation rate that we observed may be attributed to greater ecological
opportunities (niche-filling phase). Moreover, the rapid recent diversifica-
tion could be driven by isolation without ecological differentiation. These
accelerating lineage accumulation rates are explained by modes of speciation
that generate little or null ecological diversification and therefore are cases
where community structure is dominated by neutral ecological drift (McPeek,
2008). The model implies that for a complete understanding of the true
macroevolutionary dynamics of ecosystems, the ecological interactions that
shaped the history of the clades have to be accounted for. The environments
in which freshwater Euryarchaeota thrive are remarkably promoting high
levels of genetic diversity, although the temporal pattern of diversification
(increasing diversification concentrated initially and recently) was the same
as in others much less diverse archaeal groups.
Overall, new computational tools permit a more rigorous analysis of the
phylogeny of uncultured microorganisms recovered from global environmen-
tal surveys (at a broad scale see Auguet et al. 2010; Barberán & Casamayor
2010; for a particular example with freshwater Actinobacteria, Newton et al.,
2007). As traditionally stated, ecology is the scenario where evolution
plays (Margalef, 1963), so it is of great importance to contextualize the phy-
logenetic information gathered within databases in an ecological context to
properly explore the intriguing relationships between environment, diversity
and evolution. Here, we have shown the potential of linking phylogeny and
environmental description to ascertain the ecological role of abundant but
Discussion 113
elusive microbes from natural communities. Species are not independent
entities, but their functional and ecological similarities are rather shaped by
patterns of common ancestry (Felsenstein, 1985). For uncultured microor-
ganisms (the vast majority of living beings on Earth), how they differ in the
genetic or physiological traits used to exploit the environmental resources is
largely unknown but we can start exploring ecological causes of speciation
patterns through a phylogenetic community ecology framework.
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Resumen
Las regiones montañosas suelen tener un variado mosaico de pequeñas ma-
sas de agua que conforman un adiente modelo biogeográfico de ecosistemas
cercanos geográficamente pero de gran heterogeneidad ambiental. Además, el
carácter aislado y prístino de estos lagos los hace excelentes centinelas y testi-
gos de los cambios climáticos. En este estudio se muestrearon dieciocho lagos
pirenaicos basándose en un criterio de selección que maximizase la variación
ambiental, y se secuenció el gen ribosomal de la subunidad 16S bacteriana con
el objetivo de describir la composición filogenética, su distribución espacial y
los patrones de β-diversidad. Los resultados obtenidos demuestran que las co-
munidades bacterianas presentan una mayor abundancia de Betaproteobacteria
y una menor abundancia de Alphaproteobacteria que otros ecosistemas planc-
tónicos de agua dulce. Se observó que los patrones de β-diversidad estaban
estructurados fundamentalmente por el ambiente, siendo el gradiente de pH
el más determinante. De manera interesante, se detectó una relación positiva
entre el área y la diversidad filogenética, con una pendiente acorde a organis-
mos planctónicos de alta capacidad dispersiva. La aproximación filogenética
usada resultó ser una herramienta idónea para los estudios de conservación
que recurrentemente se han descuidado de los microorganismos.
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Abstract 1
High mountain lakes districts usually contain a large mosaic of highly diverse
small water bodies and thus, they conform a fine biogeographical model of
spatially close but environmentally heterogeneous ecosystems. Additionally,
their sensitivity to external forcing due to their remoteness and their pristine
nature make them excellent sentinels and recorders of environmental changes.
We have sampled eighteen high-altitude Pyrenean lakes with a selection cri-
teria focused on capturing the maximum amount of environmental variation
within a small geographical area, and sequenced the bacterial 16S rRNA gene
in order to describe the phylogenetic community composition, its spatial dis-
tribution and β-diversity patterns. Our results showed highly diverse bacte-
rial communities nonrandomly distributed and characterized by higher rela-
tive abundance of Betaproteobacteria and lower relative abundance of Alphapro-
teobacteria than a global survey of planktonic freshwater ecosystems. Commu-
nity similarity was primarily structured by the environment, with pH gradient
as the strongest driver. Interestingly, we observed a positive relationship be-
tween lake area and phylogenetic diversity with a slope consistent with highly
dispersive planktonic organisms. We also observed that the bacterial commu-
nities from the regional survey in the Pyrenean lakes were more phylogenet-
ically diverse than bacterial communities obtained from coastal marine sites
very distant geographically. Our phylogenetic approach incorporated the pat-
terns of common ancestry into community analysis and emerged as a very
convenient analytical tool for conservation studies including the recurrently
neglected microorganisms.
8.1 Introduction
High mountain lakes districts usually contain a large mosaic of highly di-
verse small water bodies. This regional diversity driven mostly by the ge-
ological characteristics of the catchment contrasts with an overall environ-
mental homogeneity at the global scale (Catalan et al., 2006) and conforms
a fine biogeographical model of spatially close but environmentally hetero-
geneous ecosystems (Reche et al., 2005; Catalan et al., 2009). Additionally,
the relative simplicity of high-altitude lakes and their sensitivity to external
forcing due to their remoteness from areas of human activity and the pristine
nature of their waters make them excellent sentinels and recorders of environ-
mental changes (Catalan et al., 2002). One may expect that diversity within
this ecosystem is low regarding that most of the existing high mountain lakes
1Barberán A, EO Casamayor. Manuscript in preparation.
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originated during the last glaciation and thus are young ecosystems, and be-
cause high elevation watersheds and mountain ranges restrict colonization
from other habitats. In fact, atmospheric deposition is a significant process
as a result of their small catchments compared to low land lakes and, for ex-
ample, represents the main source of nitrogen into the system (Catalan et al.,
1994).
Despite the initial expectation, the environmentally heterogeneity of
high-altitude lakes at the regional geographical scale, altogether with their
pristine and isolated characteristics may enhance the diversity of microor-
ganisms found in this environment (Auguet & Casamayor, 2008; Barberán &
Casamayor, 2011). Unfortunately, the microbial composition and its environ-
mental drivers remain poorly explored. Besides their potential for harboring
new species, high mountain lakes are good ecosystems for the study of inter-
esting ecological patterns and processes (Prosser et al., 2007). In particular,
long-range dispersal of airborne microorganisms (Hervàs & Casamayor,
2009); survival to extreme physical conditions such as low temperatures, low
nutrients and high UV exposure (Sommaruga, 2001), and temporal dynamics
strictly governed by the ice cover (Felip et al., 1995) may be important in the
assembly of local planktonic communities.
To analyze microbial diversity within natural ecosystems and assess its ge-
ographical distribution, an approach that takes into account the fact that life
forms are not independent entities is essential (Felsenstein, 1985). If ecology
is the scenario where evolution plays (Margalef, 1968), ecologists should rec-
ognize the historical constraints and incorporate the patterns of common an-
cestry represented by phylogenies in community analysis (Webb et al., 2002).
For this purpose, a set of tools that aim to bridge the gap between evolu-
tionary/phylogenetic analysis and community ecology have been developed
recently. Nowadays, ecologists can assess: (i) where most of the biological
diversity accumulates (Faith, 1992) and how it is intrinsically structured (Hel-
mus et al., 2007), (ii) how phylogenetic β-diversity (i.e. similarity among com-
munities based on evolutionary history) is distributed along environmental
gradients (Bryant et al., 2008; Barberán & Casamayor, 2010), and (iii) how the
spatial scale modulates phylogenetic diversity (Morlon et al., 2011).
In this study, we have investigated the spatial distribution of bacterial com-
munities inhabiting high-altitude Pyrenean lakes within a regional scale of a
few kilometres using a comprehensive phylogenetic perspective. The central
mountain region of the Pyrenees holds the main freshwater lake district of
southwest Europe, and constitutes a mosaic of highly diverse water bodies
highly coherent with the geological and biological characteristics of the catch-
ments (Catalan et al., 2009). The selected Pyrenean lakes covered a wide range
of environmental conditions of more than four pH units, ten-fold phospho-
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rous concentration, twenty-fold chlorophyll content, and one order of magni-
tude of conductivity, being a sample set representative of the landscape het-
erogeneity found in this lacustrine district. Our specific goals were: (i) to de-
scribe the taxonomic composition and the overall phylogenetic diversity and
phylogenetic structure of bacterial assemblages in Pyrenean lakes, (ii) to detect
the major environmental and geographical factors driving community sim-
ilarity, and (iii) to extend the traditional framework of island-biogeography
theory on species richness including the amount of evolutionary history to its
predictions.
8.2 Methods
8.2.1 Study site and sampling
The sampled lakes are located within the Limnological Observatory of the
Pyrenees (LOOP; Spanish Pyrenees; 42º33’ N, 00º53’ E) within the protected
area of the Aigüestortes National Park (Fig. 8.1). Eighteen lakes were sam-
pled during July 2008 within a two-weeks interval to minimize temporal vari-
ability. The lakes ranged between 1,600 and 2,452 m a.s.l., and were selected
from different heterogeneous watersheds to cover the regional landscape het-
erogeneity. The lowest lakes, in the subalpine region below the tree line, were
surrounded by meadows. The highest lakes were mostly surrounded by rocky
landscape, except Muntanyó d’Àrreu, which was surrounded by montane
grasslands and shrublands. The water bodies differed in morphological and
limnological characteristics, notoriously in pH, phosphorous and pigments
concentrations (Table 8.1). Samples were collected with a Ruttner’s sampling
bottle on the deepest point of the lakes at a sampling depth 1.5 times the Secchi
disk depth, a proxy for the deep chlorophyll maximum. For shallower lakes,
samples were collected 1 m above the bottom. The different environmental
variables reported in Table 8.1 were measured as recently reported (Mladenov
et al., 2011; Auguet et al., In press).
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Figure 8.1: Topographic map of the studied area in the mountains of the Pyrenees. National
borders, principal rivers and mountain peaks are displayed. White dots indicate the position of the
surveyed lakes (see Table 8.1 for abbreviations).
8.2.2 DNA extraction, PCR amplification and cloning
Water samples were prefiltered through a 20-µm net and a 3-µm pore mem-
brane, and then filtered on 0.2-µm pore polycarbonate filters. Polycarbonate
filters were incubated with lysozyme, proteinase K, and sodium dode-
cyl sulfate (SDS) in lysis buffer (40 mM EDTA, 50 mM TRIS, pH 8.3, and
0.75 M sucrose), and phenol extracted as described previously (Dumestre
et al., 2002). The bacterial 16S rRNA gene was PCR amplified with primers
27 forward (5’-AGAGTTTGATCMTGGCTCAG-3’) and 1492 reverse (5’-
GGTTACCTTGTTACGACTT-3’) at 48 ºC annealing temperature (Hervàs &
Casamayor, 2009). PCR products were purified with the QIAquick PCR Pu-
rification kit (Qiagen) and cloned with the TOPO TA cloning kit (Invitrogen)
following the manufacturer’s instructions. For each library, positive clones
were picked and inoculated into LB media in 96-well plates. Clones con-
taining inserts were chosen randomly and were sequenced directly using the
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vectors’ T7p universal primer. Sequencing reactions were carried out using
external facilities (http://www.macrogen.com). Sequences were deposited
in GenBank with accession numbers FN296743-FN297704 and HE856822-
HE858064, following the MIMARKS (Minimal Information about a marker
gene sequence) standards that associates meta-data to each sequence.
8.2.3 Phylogenetic analysis
The 16S rRNA gene sequences were quality checked for nucleotide ambi-
guities, short sequences (< 400 nucleotides) and possible chimeras using
Bellerophon (Huber et al., 2004). The resulting 2,172 sequences were aligned
with the NAST alignment tool (DeSantis et al., 2006a) and added by parsi-
mony to the ARB-formatted Greengenes phylogenetic tree after applying a
base frequency filter to exclude highly variable positions (Ludwig et al., 2004).
8.2.4 Data analysis
Phylogenetic diversity (PD) for the bacterial community of each lake was cal-
culated as the total sum of branch length (Faith, 1992). To correct for un-
equal number of sequences, we calculated the mean PD of 1,000 randomized
subsamples of each community. The subsample size was the number of se-
quences present in the smallest dataset. The phylogenetic structure was cal-
culated with the phylogenetic species variability (PSV) index (Helmus et al.,
2007). The value is 1 when all species are phylogenetically unrelated (a star
phylogeny, totally overdispersed) and approaches 0 as species become more
related (clustered). To test whether Pyrenean lakes were composed of bac-
terial members that are more or less related to each other than expected, we
compared the mean observed PSV with the mean of null values using two dif-
ferent randomization procedures. The first null model maintains occurrence
(randomizes community data abundances within species), whereas the sec-
ond null model maintains richness (randomizes community data abundances
within samples; Helmus et al., 2007).
We extended the framework of the theory of island biogeography (MacArthur
& Wilson, 1967) using PD instead of species richness. A power law scaling
between PD and area was assumed
PD(A) = cA
z
where PD(A) is the expected phylogenetic diversity contained in a sample
from a lake of area A, c is a normalization constant, and z is the slope of the
log-transformed function.
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Two approaches for ordination by non-metric multidimensional scaling
(NMDS) were employed. First, with a Bray-Curtis distance matrix from a
table of taxonomic abundances after Hellinger standardization (Legendre &
Gallagher, 2001). Second, a distance matrix was constructed using the UniFrac
metric, which is a β-diversity metric that quantifies community dissimilarity
based on phylogenetic relatedness (Lozupone & Knight, 2005). We used stan-
dard and partial Mantel tests to determine the correlation between the UniFrac
matrix and geographic (S) and environmental (E) Euclidean distance matri-
ces. Individual environmental predictors were assessed by vector fitting to
the NMDS axes and by Permutational Multivariate ANOVA (PERMANOVA;
Anderson, 2001). To estimate the degree of spatial autocorrelation of the envi-
ronmental variables, Moran’s coefficient (I) was calculated.
All analyses were carried out in the R statistical environment (http://www.r-
project.org) using vegan (Oksanen et al., 2009) and picante packages (Kembel
et al., 2010).
8.3 Results
The environmental parameters measured, morphological characteristics and
geographic coordinates for the eighteen high-altitude Pyrenean lakes investi-
gated in this study are summarized in Table 8.1. Although distributed over
a relatively small area (Fig. 8.1), the lakes covered a wide range of environ-
mental gradients (e.g. lake area from 0.6 to 44.3 ha, from 1 m to 90 m depth,
pH from 4.61 to 9.18, or chlorophyll a concentration from 0.6 mg·m−3 to 11.99
mg·m−3). Among those variables, only nitrate concentration showed a statis-
tically significant spatial aggregation within our sampling area (Moran’s I =
0.10, p-value < 0.05).
The surveyed bacterial communities in the Pyrenean lakes showed high
levels of phylogenetic diversity (PD), particularly Podo (PO), Llauset (LA)
and Llong de Liat (LL; Table 8.1). As a comparison, we plotted the PD data
of a marine survey at nine coastal sites distributed worldwide (Pommier
et al., 2007) calculated applying the same sequence processing and rarefaction
approach (Fig. 8.2). Bacterial members from high mountain lakes accumu-
lated higher PD per sequence (2.81·10−2) than marine members (1.30·10−2).
Overall and standardizing by total number of sequences and number of
samples because the marine environment was sampled more deeply (c. 336
sequences/sample) than Pyrenean lakes (c. 120 sequences/sample), aquatic
bacterial communities from Pyrenean lakes were slightly more phyloge-
netically diverse (1.56·10−3) than coastal marine communities very distant
geographically (1.44·10−3).
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Figure 8.2: Phylogenetic diversity (PD) rarefaction curves. As a comparison, a global survey of
marine sites from Pommier et al. (2007) is also plotted.
Bacterial communities from Pyrenean lakes showed a significant phyloge-
netic structure (see Table 8.1 for details). The mean observed PSV value (0.47)
was significantly lower than both the null model maintaining occurrence (0.51,
p-value < 0.05) and the null model maintaining richness (0.52, p-value < 0.05)
indicating non-random phylogenetic structure. The first null model suggested
non-random associations between bacterial sequences among lake commu-
nities, with lakes containing more closely related species than expected by
chance (phylogenetic clustering), while the second null model suggested that
bacterial composition represented non-random samples from the phyloge-
netic pool (i.e. significant pattern in species prevalence).
We also compared the Pyrenean dataset with data from a previous sur-
vey carried out in databases with available 16S rRNA gene sequences from
34 lakes and surface seawaters (Barberán & Casamayor, 2010). At broad tax-
onomic levels, bacterial composition of Pyrenean lakes was similar to other
typologies of lakes distributed worldwide and clearly different from the ma-
rine environment (Fig. 8.3). Members of the Betaproteobacteria, Bacteroidetes
and Actinobacteria clades dominated the freshwater plankton (for a detailed
rarefaction approach of the PD found within each major taxonomic group see
the Appendix section). The investigated high-altitude lakes significantly pre-
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sented a higher proportion of Betaproteobacteria and a lower proportion of Al-
phaproteobacteria than the averaged community present in the global lake sur-
vey (p-value < 0.05, t-test; Fig. 8.3).
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Figure 8.3: Taxonomic composition of the surveyed Pyrenean lakes in this study, and a global
comparative analysis of lakes and the marine environment from Barberán & Casamayor (2010).
Significant differences are labeled with one asterisk (p-value < 0.05, t-test) or two asterisks (p-
value < 0.01, t-test).
Non-metric multidimensional scaling plots of community similarity re-
flected that bacterial taxonomic and UniFrac distance matrices shared similar
patterns as both were strongly correlated (rM = 0.78, p-value < 0.001, Mantel
test; Fig. 8.4). The k-means classification algorithm using the best Calinsky
value separated five groups of lakes by their taxonomic composition (see five
different colors in Fig. 8.4A). Muntanyó d’Àrreu (M) was the lake with the
highest pH (9.18; Table 8.1) and was dominated by Chlorobi and Gammapro-
teobacteria. On the other extreme of pH, the acidic lakes Aixeus (A; pH = 4.97)
and Pica Palomera (PP; pH = 4.61) showed absence of Bacteroidetes, otherwise
very abundant in the whole dataset (Fig. 8.3). Additionally, Pica Palomera
(PP) and Filia (F) showed a high proportion of Alphaproteobacteria. The k-
means partition grouped Bassa Nera (BN) and Bassa d’Oles (BO), both shal-
low and with high DOC concentration ponds, and taxonomically character-
ized by high relative abundance of Betaproteobacteria and low abundance of
Bacteroidetes. Such shallow ponds also showed the lowest PSV values (that is,
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Figure 8.4: Non-metric multidimensional scaling (NMDS) plots of community similarity. (A) Based
on Bray-Curtis distances of taxonomic abundance after Hellinger standardization. Colours ac-
cording to a k-means classification at five groups partition (best Calinsky value 5.79) and point
size proportional to the number of sequences retrieved from each lake. (B) Based on UniFrac
distances. Colours according to pH values and point size proportional to phylogenetic diversity
(PD).
more phylogenetically clustered bacterial assemblages; Table 8.1). Finally, the
k-means classification grouped the remaining lakes in two big heterogeneous
groups (Fig. 8.4A).
The phylogenetic β-diversity approach (UniFrac; Fig. 8.4B) confirmed the
importance of pH, especially structuring the first axis (R2 = 0.50, p-value =
0.009, vector fitting) and DOC concentration for the second axis (R2 = 0.38, p-
value = 0.032, vector fitting). Additionally, lakes with the most extreme values
of pH had reduced levels of phylogenetic diversity (indicated by point size
in Fig. 8.4B). PERMANOVA analyses reinforced the results of vector fitting
and selected pH, DOC concentration and conductivity as the most significant
variables structuring community similarity patterns (p-value < 0.05). We con-
structed a Euclidean distance matrix with these three environmental variables
standardized (E) and a spatial distance matrix (S) following coordinates to
test for biogeographic patterns. Environmental filtering was the most plausi-
ble mechanism structuring phylogenetic β-diversity patterns based on Mantel
correlations (rM = 0.65, p-value < 0.001; Fig. 8.5A) and not geographic distance
(rM = 0.10, p-value = 0.307; Fig. 8.5B). The pattern did not change after con-
trolling for possible intermatrix correlations ([E|S]: rM = 0.65, p-value < 0.001;
[S|E]: rM = 0.08, p-value = 0.359; partial Mantel tests).
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Figure 8.5: Relationship between the UniFrac distance matrix and (A) the environmental Eu-
clidean matrix (E) or (B) the spatial distance matrix (S). In the first case, a linear regression line
is plotted.
Interestingly, we observed a significant correlation between lake area (A)
and phylogenetic diversity (PD) of the bacterial assemblages as a whole (r =
0.57, p-value = 0.014). The slope (z) of the log-transformed relationship was
0.13±0.04 (Fig. 8.6). No significant relationships between lake area and PD
were found for the two most abundant taxonomic groups, i.e. Betaproteobac-
teria (r = 0.31, p-value = 0.206) and Bacteroidetes (r = 0.06, p-value = 0.839;
Fig. 8.6). To assess other potential environmental factors influencing PD, we
correlated the observed PD with chlorophyll-a concentration (as a surrogate
of lake productivity), DOC and TDP (as surrogates of resource richness). No
significant results were obtained in any case (Chl a: r = -0.18, p-value = 0.47;
DOC: r = -0.42, p-value = 0.08; TDP: r = -0.22, p-value = 0.39).
8.4 Discussion
Although recent sequencing efforts are revealing a large amount of once hid-
den microbial diversity, some ecosystems still remain largely underexplored
such as lakes from high-altitude mountain ranges (Auguet & Casamayor,
2008; Triadó-Margarit & Casamayor, In press). The central mountain range
of the Pyrenees constitutes a mosaic of heterogeneous water bodies at the
regional scale. These aquatic islands embedded in a sea of land conform an
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interesting biogeographical model of spatially close but environmentally dis-
tant ecosystem (Catalan et al., 2009). In the present study, we have surveyed
eighteen high-altitude lakes from the Pyrenees mountain range with a selec-
tion criteria focused on capturing the maximum amount of environmental
variation in a small remote area in order to describe the bacterial community
composition and their β-diversity patterns.
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Figure 8.6: Relationship between phylogenetic diversity (PD) and lake area. A linear regression
line of the log-transformed relationship is plotted.
The effects of geographic distance and local environmental factors on bac-
terial community similarity were tested after teasing apart both effects be-
cause the spatial dimension may have a spurious correlation with the envi-
ronmental component. Our results showed that both the overall taxonomic
and phylogenetic β-diversity patterns were essentially structured by environ-
mental factors. In particular, pH appeared as the strongest gradient control-
ling bacterial community patterns. The alkaline (pH= 9.18) lake Muntanyó
d’Àrreu (M) showed a high proportion of Chlorobi closely related to the anoxy-
genic phototrophic green sulfur bacterium Chlorobium phaeobacteroides, and
Gammaproteobacteria mainly from the methanotrophic family of the Methylo-
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coccaceae. These are certainly not alkalophiles but rather specific populations
enhanced by the anoxic and sulfurous conditions that develop in the lake hy-
polimnion. Low pH values, in turn, constrained the presence of the otherwise
abundant clade of Bacteroidetes in the acidic lakes sampled, Aixeus (A) and
Pica Palomera (PP). pH is recognized as one of the major drivers of bacterial
community composition (Fierer & Jackson, 2006) and it has been shown to
affect the distribution of lineages of freshwater Actinobacteria (Newton et al.,
2007). In addition, the shallow and eutrophic ponds sampled such as Bassa
Nera (BN) and Bassa Oles (BO) appeared distinct due to the low abundance
of Bacteroidetes and high abundance of Betaproteobacteria, most of them closely
related to the cosmopolitan freshwater Polynucleobacter sp. (Hahn, 2003) and
to the methanol-utilizing Methylophilus sp. (Salcher et al., 2008). Both groups
of Betaproteobacteria are particularly abundant in the oxygen-depleted zone of
lakes (Salcher et al., 2008). Overall, the bacterial taxonomic composition of
Pyrenean lakes was characterized by a higher abundance of Betaproteobacteria
and a lower abundance of Alphaproteobacteria than a global lake survey (Bar-
berán & Casamayor, 2010). Alphaproteobacteria were only particularly numer-
ous in lakes Filia (F) and Pica Palomera (PP). The metabolically diverse group
of the genus Rhodobacter dominated lake Filia (F), while the acidic Pica Palom-
era lake (PP) was dominated by sequences closely related to the nitrogen-
fixing and acid tolerant Beijerinckia sp (Barbosa et al., 2002).
Besides shaping the bacterial taxonomic composition and general β-
diversity patterns of Pyrenean lakes, environmental conditions may also
modulate the amount of phylogenetic diversity present in this environment.
The heterogeneous and isolated nature of high-mountain lakes, the influence
of the catchment, and the occasional arrival of long-distance immigrants
into very diluted waters may promote high phylogenetic diversity. High
altitude lakes are probably very efficient collectors of airborne bacteria trans-
ported in the atmosphere (Hervàs et al., 2009). In fact, a survey carried out
in remote Himalayan lakes located 5,000 m a.s.l. showed abundant pop-
ulations of bacterial cosmopolitans, closely related to ribosomal sequences
retrieved from distant alpine lakes and glaciers (Sommaruga & Casamayor,
2009). This example suggests that the heterogeneous conditions found at the
local-regional scale can be minimized when we examine the general pool of
globally distributed high mountain lakes. We also noticed that the studied
Pyrenean lakes showed more phylogenetic diversity (PD) than that contained
after a global ocean survey (Pommier et al., 2007). This observation raises
the question of incomplete sampling of microbial communities. It has been
shown that sequencing effort does not affect the ranking of richness (Shaw
et al., 2008), or β-diversity patterns (Kuczynski et al., 2010). Thus, microbial
ecologists should decide whether the efforts for seeking novel microbial life,
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with its associated new metabolic potential, focus on a deeper coverage of a
particular environment, or to increase the number of samples and to explore
isolated and heterogeneous environments and other spatial axes (e.g. switch-
ing from the latitudinal or longitudinal axes to the vertical axis; Barberán &
Casamayor, 2011).
The species-area relationship is one of the few and oldest general laws in
ecology (Arrhenius, 1921; Gleason, 1922). The rich phylogenetic information
recovered from ribosomal environmental surveys permits the extension of the
traditional predictions of the theory of island biogeography on species rich-
ness (MacArthur & Wilson, 1967) in order to incorporate the historical patterns
of common ancestry in community ecology analysis (Webb et al., 2002). Along
these lines, we observed a positive relationship between lake area and phylo-
genetic diversity (PD) at the whole community level. This relationship was
not significant for the most abundant taxa (Betaproteobacteria and Bacteroidetes)
indicating that bacterial communities conform a coherent unit. Surprisingly,
the slope of this relationship was not significantly different from the slope
observed using Operational Taxonomic Units (OTUs) as richness estimators
instead of PD in a similar aquatic ecosystem (Reche et al., 2005). As discussed
in Reche et al. (2005), the accumulation of more biological diversity in larger
lakes is more plausible due to higher niche availability rather than to the bal-
ance among immigration and extinction as originally proposed by MacArthur
& Wilson (1967). The value of the slope is consistent with planktonic or-
ganisms with high dispersal rates (Reche et al. 2005; for a recent review see
Prosser et al., 2007). The relationship between PD and ecosystem area may
not only provide insights into the evolutionary and ecological processes driv-
ing community assembly, but also inform conservation policies (Morlon et al.,
2011). The PD-area relationship can be used to estimate the potential diversity
shrinkage following habitat loss, and how this reduced diversity may affect
the response of communities to environmental change (Rodrigues & Gaston,
2002). Incorporating phylogenetic information in conservational ecology is es-
sential because extinctions are not random with respect to phylogeny (Purvis
et al., 2000).
In summary, we described the bacterial community composition of a het-
erogeneous system of Pyrenean high-mountain lakes and found that they are
potential targets for the discovery of new microbial diversity. The bacterial
PD-area relationship was the expected for planktonic organisms with high
dispersion rates. This relationship altogether with the analysis of the envi-
ronmental constraints that shape β-diversity patterns seem very convenient
tools for conservational studies, which have frequently neglected the crucial
microbial component.
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Resumen
El polvo originado en los grandes desiertos puede viajar largas distancias y ser
dispersado sobre superfícies de cientos de miles de kilómetros cuadrados. El
proceso de la deposición de polvo está viéndose incrementado a consecuencia
del cambio global y constituye una fuente de nutrientes y también un meca-
nismo para la dispersión microbiana intercontinental. Los lagos alpinos oligo-
tróficos son perfectos centinelas de la magnitud de este proceso, del destino
de los microbios colonizadores, y de la calidad microbiológica de la atmósfera
global.
En este trabajo, se estudió la composición de las comunidades microbia-
nas de tres hábitats potencialmente conectados atmosféricamente: el origen
de las plumas de polvo (i.e. arena del desierto del Sáhara), el transportador
atmosférico (i.e. la deposición que llega a la región montañosa de los Piri-
neos Centrales durante un periodo de tres años) y el colector natural de los
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microorganismos aerotransportados (i.e. la interfase aire-agua de los lagos de
alta montaña). Se ha descrito la composición taxonómica, los patrones de β-
diversidad y la coincidencia en OTUs entre los tres hábitats. El porcentage de
OTUs compartidos fue del 10 % del número total de OTUs. Las comunidades
microbianas de la deposición atmosférica presentaron un claro patrón tem-
poral. En resumen, el estudio sugiere que existe una variabilidad consistente
y predecible en la dinámica y la distribución de las comunidades microbia-
nas aerotransportadas, y que las formas celulares viables con el potencial de
colonizar nuevos ambientes no sólo se restringen a las formas esporuladas.
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Abstract 1
Dust originating from the large deserts on Earth, such as the Sahara, can travel
long distances and be dispersed over thousands of square kilometres. Dust
deposition rates are increasing as a consequence of global change and the
dust can represent both a source of nutrients to nutrient-poor ecosystems and
a mechanism for intercontinental microbial dispersal. Remote oligotrophic
alpine lakes are particularly sensitive to these dust inputs and can serve as
sentinels of microbial transport via dust, and of the consequences of the ac-
celerated microbial migration. Here, we studied the microbial community
composition of three different airborne dust-connected habitats: the source of
dust plumes (i.e. soil from the Saharan desert), the atmospheric carrier (i.e.
dust deposited on a high mountain region of the Spanish Pyrenees during a
three-year period), and an environment receiving the deposited dust (i.e. the
air-water interface of high mountain lakes). We described the taxonomic com-
position, β-diversity patterns, and OTU overlap across these habitats. The
percentage of shared OTUs among the three potentially connected habitats
was 10% of the total number of OTUs. The airborne microbial communities
of the atmospheric deposition showed a clear temporal pattern with differ-
ent modules of co-occurring OTUs indicating a consistent and reproducible
inter-annual variability. Additionally, we observed the effect of Saharan dust
outbreaks. Communities collected less than two days after an outbreak were
closer in ordination space to Saharan soil samples than deposition samples
collected after periods longer than 40 days without outbreaks. Overall, this
study suggests that local and regional features may generate global trends in
the dynamics and distribution of airborne microbial assemblages, and that the
diversity of viable cells in the high atmosphere that are capable of colonizing
new environments is likely higher than previous work has suggested.
9.1 Introduction
Several billion tons (from 0.5 to 5.0) of soil-derived dust are aerosolized
each year, transporting soil components between continents at altitudes >
5 km (Kellogg & Griffin, 2006). The Saharan desert in Africa is the largest
source of aerosolized soil dust on Earth (50 to 75% of the global dust produc-
tion), contributing as much as one billion metric tons of dust per year to the
atmosphere (Kellogg & Griffin, 2006). The global atmospheric mobilization
of dust has likely increased in recent decades due to persistent drought in
the Sahara-Sahel region over the past 30 years and an increase in land-use
1Barberán A, J Henley, N Fierer, EO Casamayor. Manuscript in preparation.
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practices (such as livestock grazing) that have desiccated large aquatic re-
gions such as the Chad lake, decreasing vegetation cover and increasing the
frequency and intensity of dust storms (Hulme, 2001).
Dust storms can transport microscopic particles thousands of kilometers
from their source, a phenomenon that was noted more than 160 years ago
by Charles Darwin (Darwin, 1846). Although dust storms may particularly
mobilize microscopic organisms such as bacteria and fungi (Bovallius et al.,
1978; Prospero et al., 2005); recently, it has been demonstrated that long dis-
tance dispersal by wind explains strong floristic affinities among landmasses
rather than geographic proximity (Muñoz et al., 2004). This may also be true
for microorganisms as we know that bacteria and fungi are commonly found
associated with dust (even at altitudes of 20,000m; Griffin, 2004) and many of
these microbes can survive prolonged transport in the atmosphere and may
even be metabolically active while aloft (Womack et al., 2010). The topic of
microbial dispersal via dust events has generated general interest due to con-
cerns about health effects of allergens and the possible long-distance trans-
port of pathogens (Kellogg & Griffin, 2006; Hervàs et al., 2009). In addition,
ecologists are interested in understanding the role of these transoceanic and
transcontinental dust events in injecting large pulses of microorganisms into
the atmosphere, thereby expanding the geographical range of some organ-
isms and possibly altering microbial community composition in depositional
environments by facilitating long-distance dispersal events.
High mountain lakes are remote and often pristine ecosystems that are
largely unaffected by local anthropogenic factors due to their inaccessibil-
ity. For this reason, it has been proposed that high mountain lakes can
serve as sentinels of global change (Catalan et al., 2006). Biogeochemistry in
these oligotrophic mountain lake environments is dominated by microbial
metabolism (Biddanda et al., 2001), and microbial communities have consis-
tent seasonal patterns predictable from snowmelt inputs and lake thermal
stability (Pernthaler et al., 1998; Nelson, 2009). In fall, at the Pyrenean region
most of the lakes biogeochemistry is driven by dust atmospheric depositions
that represent the main input of organic and inorganic compounds to the
lakes (Psenner, 1999; Reche et al., 2009; Mladenov et al., 2011). The first natu-
ral collector/interceptor of these atmospheric depositions is the neuston, the
biological community inhabiting the hydrophobic surface microlayer located
within the first millimeter of the air-water interface (Hervàs & Casamayor,
2009). Thus, the neuston of high mountain lakes serves as a useful system for
monitoring global-scale microbial dispersal and the effects that long-distance
dust deposition may have on microbial communities in aquatic environments.
In this study, we applied high-throughput sequencing techniques (16S
rRNA amplicon pyrosequencing) to characterize the microbial communities
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living in three different habitats associated with airborne dust: the source
of dust plumes (i.e. soil samples from the Saharan desert), the atmospheric
carrier (i.e. dust deposition sinking on the Central Pyrenees area fortnightly
collected during a period of three years), and the aquatic environment where
this dust is first deposited (i.e. the neuston of high mountain Pyrenean lakes).
Our objectives were (i) to describe the taxonomic differences and overlap
between the microbial communities found in these habitats, (ii) to assess
the temporal pattern structuring dust-associated microbial communities, (iii)
to explore co-occurrence patterns among microbial immigrants, and (iv) to
determine the potential for dust-associated microorganisms to successfully
disperse into distant lake environments.
9.2 Methods
9.2.1 Study site and sampling
The sampled lakes are within the Limnological Observatory of the Pyrenees
(LOOP; Spanish Pyrenees; 42º33’ N, 00º53’ E) within the protected area of the
Aigüestortes National Park (Table 9.1). The neuston (i.e. the air-water surface
microlayer) was collected from the upper c. 400 µm of the surface film with a
nylon screen sampler as previously reported in Auguet & Casamayor (2008).
The lakes were sampled during July 2008 within a two-week interval to mini-
mize temporal variability. Water samples were pre-filtered in situ through a 40
µm pore-size net to retain large zooplankton and algae, and 300-500 mL were
subsequently filtered on 0.2 µm pore-size polycarbonate filters. The filters
were stored in lysis buffer (40 mM EDTA, 50mM Tris pH 8.3, 0.75 M sucrose),
enzymatically digested and phenol extracted as reported in Dumestre et al.
(2002).
The atmospheric deposition was obtained from an automatic dry/wet pas-
sive collector MTX ARS 1010 placed on the vicinity of Lake Llebreta (42.55º N,
0.89º E) at c. 1,800 m altitude during a three-year period approximately twice
per month (from 15th May 2007 to 26th May 2010; Table 9.2). Particles de-
posited in the wet collector (i.e. those washed from the atmosphere by rain
or snow precipitation) were collected onto precombusted (450 ºC, 4 hours)
Whatman GF/F filters and then, were dried in a laboratory heater for 4 hours
and kept in dark (Hervàs et al., 2009). The timing of Saharan dust events was
determined by TOMS (Total Ozone Mapping Spectrometer) which provides
a measure of the atmospheric loading of UV-absorbing aerosols (i.e. mineral
dust and soot from anthropogenic and natural combustion sources; Herman
et al., 1997).
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Table 9.1: Geographic coordinates, altitude, morphological characteristics, and number of se-
quences and OTUs at 97% identity of the Pyrenean lakes studied.
Lake Latitude Longitude Altitude Area Depth Number Number
(º) (º) (m) (ha) (m) of of
sequences OTUs
Pica Palomera 42.79 0.87 2,308 4.9 10 6,238 407
Certascan 42.70 1.30 2,335 56.9 130 3,579 318
Aixeus 42.61 1.37 2,370 3.4 15.5 4,662 390
Pois 42.65 0.71 2,055 4.4 13 5,056 452
Redon 42.64 0.78 2,240 24 73 2,380 373
Llong Lliat 42.81 0.87 2,140 27.1 32 4,348 536
Granotes 42.57 0.97 2,330 0.7 5 5,247 299
Llebreta 42.55 0.89 1,620 8 11.5 3,135 573
Roi 42.57 0.80 2,310 3.5 10 2,864 390
Bassa Oles 42.72 0.77 1,600 1.3 1 4,818 636
Romedó 42.70 1.32 2,110 11.9 40 4,325 424
Podó 42.60 0.93 2,450 4.6 20 2,577 395
Gerber 42.63 0.99 2,170 14.9 63 4,225 545
Filia 42.45 0.95 2,140 1.4 5.5 5,071 429
Plan 42.62 0.93 2,188 5 11 4,337 520
Table 9.2: Summary of the atmospheric deposition samples analyzed in this study. Mean and
standard deviation are indicated for the number of sequences and number of OTUs at 97% iden-
tity.
Year Number of Number of Number of
samples sequences OTUs
2007 10 4,080±1,435 328±126
2008 14 3,256±1,281 371±209
2009 15 4,194±1,103 334±135
2010 10 3,324±680 361±206
Different samples from Mauritanian sandy soils located within the Sahel
region 40 km south-east of Boûmdeid in the Karakoro river basin (c. 3,000 km
distant from the Pyrenees) were sampled as source of dust plumes. This area
is subjected to frequent dust storms (Kellogg & Griffin, 2006). The soil was
treated to obtain soil particles of size < 0.63 mm as reported in Hervàs et al.
(2009).
9.2.2 Molecular methods and sequence processing
DNA was extracted using the Mobio PowerSoil DNA Isolation Kit (Mobio
Laboratories). Preparation of extracted DNA for pyrosequencing followed
the protocol described in detail in Fierer et al. (2008a). In brief, the variable
V4 and V5 regions of the 16S rRNA gene (around 250 nucleotides) were am-
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plified with the primers F515 (5’-GTGCCAGCMGCCGCGGTAA-3’) and R806
(5’-GGACTACVSGGGTATCTAAT-3’). The F515 primer included the Roche
454-B pyrosequencing adapter and a GT linker, while 806R included the Roche
454-A sequencing adapter, a 12-bp barcode (unique to each sample), and a
GG linker. The region amplified by this primer set is well suited for accurate
phylogenetic placement of bacterial sequences (Liu et al., 2007) and should
amplify nearly all bacteria and archaea with few biases against particular
groups (Bates et al., 2010). The resulting barcoded PCR product was normal-
ized in equimolar amounts and sequenced on a Roche GS-FLX 454 automated
pyrosequencer at the Environmental Genomics Core Facility (Engencore) at
the University of South Carolina.
Raw sequence data generated from pyrosequencing were processed in QI-
IME (Caporaso et al., 2010). Briefly, sequences were quality trimmed (>200 bp
in length, quality score >25, exact match to barcode and primer, and contain-
ing no ambiguous characters) and clustered into OTUs with uclust (Edgar,
2010) using both a 97% identity threshold (standard species-level OTU cut-
off; Konstantinidis & Tiedje, 2007) and a 90% identity threshold (which corre-
sponds approximately to the taxonomic level of Family for bacteria; Konstan-
tinidis & Tiedje, 2007). We obtained a total of approximately 260,000 sequences
from the 68 samples (4 soil, 15 neuston samples and 49 atmospheric deposi-
tion samples) with each sample having more than 1,000 sequences. At the 97%
identity level, the final OTU table consisted of aproximately 10,500 distinct
OTUs, while at the 90% identity the sequences were distributed among 1,700
OTUs. Taxonomic assignment was carried out with the RDP Classifier (Wang
et al., 2007), and manually curated by BLAST searches against the GenBank
non-redundant nucleotide database (nt).
9.2.3 Data analysis
Community similarity was represented by non-metric multidimensional
scaling (NMDS) using the Bray-Curtis distance metric after Hellinger stan-
dardization (Legendre & Gallagher, 2001). Analysis of similarities (ANOSIM)
was used to test for significant differences between habitat categories. The
ANOSIM R statistic is based on the difference of mean dissimilarity ranks
between groups and within groups and ranges from 0 (no separation) to
1 (complete separation; Clarke, 1993).
Co-occurrence network inference followed Barberán et al. (2012a). Briefly,
we calculated all possible Spearman’s rank correlations between OTUs. We
considered a valid co-occurrence event to be a robust correlation if the Spear-
man’s correlation coefficient (ρ) was both greater than 0.6 and statistically sig-
nificant (p-value <0.01; Steinhauser et al., 2008) after adjusting for multiple
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testing using the False Discovery Rate (FDR; Benjamini & Hochberg, 1995). In
order to describe the topology of the resulting network, a set of measures (i.e.,
average node connectivity, average path length, diameter, cumulative degree
distribution, clustering coefficient, and modularity) were calculated (New-
man, 2003). All statistical analyses were carried out in the R environment
(www.r-project.org) using vegan (Oksanen et al., 2009) and igraph (Csardi &
Nepusz, 2006) packages.
9.3 Results
The three habitats examined here (i.e. soil, deposition, and lake neuston) har-
bored distinct microbial communities (ANOSIM R = 0.93, p-value < 0.001).
The most diverse samples (largest number of different OTUs) were those from
Saharan soils. Microbial richness was higher in those deposition samples that
were closer in ordination space to soils (Fig. 9.1A). As a whole, neuston and
atmospheric deposition bacterial communities resembled more to each other
than to the soil assemblage (clustering dendrogram in Fig. 9.1B). Soil sam-
ples were more diverse with up to five predominant taxa with relative abun-
dances >10% (Alpha- and Betaproteobacteria, Actinobacteria, Bacteroidetes, and
Firmicutes) whereas only two (Alpha- and Betaproteobacteria) or four (Alpha-
and Betaproteobacteria, Actinobacteria, and Bacteroidetes) taxa were found as pre-
dominant in deposition and neuston, respectively. Archaea were minor com-
ponents in all the cases (Fig. 9.1B).
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Figure 9.1: (A) Non-metric multidimensional scaling (NMDS) ordination plot for the 97% identity
OTU table. Size corresponds to richness (number of OTUs). (B) Relative abundance of major
phylogenetic groups. Habitats were clustered based on average linkage clustering (UPGMA).
Figure 9.2 represents the OTU (at 90% identity) overlap between habitats.
Although broad taxonomic composition based on relative abundance showed
that atmospheric deposition was more similar to neuston than to soil (see hi-
erarchical clustering in Fig. 9.1B), overall the airborne samples shared more
OTUs with soil (321) than with neuston (279). Contrastingly, neuston and
soil samples only shared 175 OTUs. The three potentially connected habitats
shared a total amount of 154 OTUs (most of them Alphaproteobacteria and Acti-
nobacteria). Barplots in Fig. 9.2 show the taxonomic composition based on the
number of OTUs of the unique habitat compartments and also the pair-wise
shared habitat compartments and the total shared. Alphaproteobacteria, Acti-
nobacteria and Bacteroidetes OTUs were the most prevalent in all compartments
considered. Besides those groups, soil samples were characterized by the pres-
ence of Chloroflexi and Planctomycetes; deposition by Firmicutes, and neuston
by Gammaproteobacteria. Additionally, some Betaproteobacteria and Firmicutes
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were shared by the three habitats. The pair-wise shared habitat compartments
showed an even distribution (specially in shared soil and deposition) with Be-
taproteobacteria more frequent in shared deposition and neuston. As it was the
most prevalent group, we examined with more detail the taxonomic composi-
tion of the Alphaproteobacteria group (Fig. 9.3) looking for differences at the Or-
der level. Interestingly, Rickettsiales appeared only in atmospheric deposition
samples, while in neuston Rhodospirillales predominated and Rhodobacterales
were less prevalent. Soil samples were more diverse.
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Figure 9.2: Venn diagram showing 90% identity OTU overlap between habitats. Barplots show
the taxonomic composition between unique habitats and pair-wise shared habitat compartments.
The temporal trend in Saharan dust outbreaks arriving to the Pyrenees re-
gion for the period from May 2007 to May 2010 showed maxima during late
spring and summer (from May to September) and a decrease in the number
of days per month with presence of airborne Saharan dust (Fig. 9.4A). Inter-
estingly, the temporal decay pattern of community similarity also showed an
annual pattern (Fig. 9.4B). During the annual period, deposition samples from
disparate dates tended to be more dissimilar than samples closer temporally
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Figure 9.3: Relative abundance of major Alphaproteobacteria groups between unique habitats
and pair-wise shared habitat compartments.
(linear trend in yellow, Fig. 9.4B). However, this general trend was affected
by a strong seasonal pattern (i.e. deposition samples from the same season
tend to resemble more each other without regard of the year; local polynomial
trend in green, Fig. 9.4B).
Along the survey period different air masses and airborne dusts of local
and remote origin can be mixed in the signal explored. To check for bac-
terial community differences in local vs. remote deposition effect, we split
the airborne samples in two contrasted groups: those samples collected less
than 2 days after a Saharan deposition event and those with periods longer
than 40 days without Saharan dust outbreaks (Fig. 9.5). Interestingly, we no-
ticed significant differences between the groups (ANOSIM R = 0.35, p-value
= 0.028). Bacterial communities present in < 2 days samples were closer in
ordination space to soil samples than > 40 days samples (Fig. 9.5). The main
taxonomic drivers of these differences were Betaproteobacteria (higher propor-
tion in < 2 days), Acidobacteria and Verrucomicrobia (higher proportion in > 40
days; p-value < 0.05, t-test). Miscellaneous unclassified members were also
more abundant in > 40 days deposition samples (p-value < 0.05, t-test).
Finally, after assessing general community patterns we applied co-
occurrence analysis on the 90% identity OTUs obtained from atmospheric
deposition samples to determine common trends in the composition of the
airborne bacterial assemblages. We constructed a co-occurrence network
based on correlation to estimate how similar were OTU abundances across
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Figure 9.4: (A) Days with dust deposition per month during the sampling period. Temporal trend
is shown by a fitted linear regression (in yellow) and by a local polynomial regression (loess; in
green). Data from www.calima.ws (B) Temporal decay pattern of community similarity among
atmospheric deposition samples. Trend is shown by a fitted linear regression (in yellow) and by a
local polynomial regression (loess; in green).
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the deposition dataset (a link between two nodes in the network correspond
to a strong and significant correlation between two OTUs). The resulting
microbial network consisted of 186 nodes (OTUs) and 1,761 edges (average
degree or node connectivity 18.94; Fig. 9.6A). The topology of the network
is described by a few commonly used properties such as the connectivity
cumulative degree distribution (Fig. 9.6C). The average network distance
between all pairs of nodes (average path length) was 3.04 edges with a di-
ameter (longest distance) of 8 edges. The clustering coefficient (how nodes
were embedded in their neighborhood) was 0.52 and the modularity index
was 0.30. We further used modularity to detect meaningful modules (i.e.
groups of OTUs than tend to co-occur between them more than among the
rest). We detected 4 biggest modules that are colored in Fig. 9.6A, and were
formed by different taxonomic compositions (Fig. 9.6B). Despite the fact that
Alphaproteobacteria was the most abundant group in all the modules, we ob-
served additional taxonomic groups that were differently distributed. Thus,
Actinobacteria and Bacteroidetes were very abundant in the blue and green
modules. Additionally, Gemmatimonadetes and Acidobacteria also appeared
in the green module. The smallest module (yellow) was also dominated by
Betaproteobacteria, and Gammaproteobacteria of the Order Pseudomonadales. The
OTUs in the yellow module were abundant in the autumn samples in 2008
and 2009. On the contrary, the OTUs from the blue module were present in
winter while the OTUs from the red module were miscellaneously distributed
across seasons (though mainly during cold periods) and were associated with
most of the samples after long periods (> 40 days) without a Saharan dust
outbreak (red points in Fig. 9.3C). OTUs from the green and blue modules
were also found in the soil samples, while OTUs from the yellow and blue
modules were also present in some of the lake samples. Any module was
associated with the summer maxima of Saharan dust outbreaks.
9.4 Discussion
Although the microbial presence in atmospheric aerosols (particularly dust)
has been recognized since the 19th century (Darwin, 1846), it has not attracted
much multidisciplinary research effort till the last decade specially due to
methodological limitations for describing microbial community composition
and estimating the magnitude of the atmospheric loads, and because of its
recently recognized links with climate change. Generation of atmospheric
aerosols and remote dust deposition is a global process, enhanced by per-
turbations linked to the global change (Moulin & Chiapello, 2006; Prospero
& Lamb, 2003). Airborne dust may act both as fertilizer agent and carrier ve-
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Figure 9.6: (A) Network of co-occuring 90% identity OTUs from atmospheric deposition commu-
nities. Colours represent modules inside the network (modularity = 0.30). The size of each node
is proportional to the number of connections (that is, degree). Network structure was explored
and visualized with the interactive platform gephi (Bastian et al., 2009). (B) Taxonomic composi-
tion of the modules detected. (C) Cumulative degree distribution of the network. The connectivity
distribution is usually described as a power law distribution. In this case: P ≈ k−α with α = 1.30.
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hicle for airborne microorganisms. Nutrient inputs from dust depositions in-
crease the bacterial abundance and production in the upper layers of nutrient-
limited waters (Herut et al., 2002; Morales-Baquero et al., 2006; Reche et al.,
2009; Lekunberri et al., 2010; Mladenov et al., 2011). Furthermore, it is now
recognized that dust plumes carry a large set of viable airborne microorgan-
isms with the potential to colonize new environments if the conditions turn fa-
vorable (Herut et al., 2002; Hervàs et al., 2009). Despite intercontinental atmo-
spheric dust transport probably plays a key role for global microbial dispersal,
little effort has been made to characterize potential routes of immigration for
microorganisms.
The atmosphere is not just an intercontinental microbial corridor. Dust
particles may provide shadow protection, resources, and a way to capture
atmospheric humidity, helping microorganisms to survive the strong desicca-
tion and UV doses during this long journey (Tong & Lighthart, 1998). Our
results show that the atmospheric deposition can be considered a truly mi-
crobial habitat with a particular community composition, different from po-
tential source and sink habitats. Some deposition-associated microorganisms
probably were directly mobilized from the Saharan soils by winds or could
have also been injected from local sources (including seawater or vegetation)
by advection and vertical mixing in convective clouds. This may explain the
high proportion of Alphaproteobacteria, a widespread taxon mostly related to
seawater (e.g. Barberán & Casamayor, 2010) and soils (e.g. Spain et al., 2009).
However, we observed differences in relative abundance at the Order level,
e.g. with Rickettsiales more associated with atmospheric deposition samples,
suggesting that this group has the potential to quickly colonize new remote
environments using airborne particles as an effective dispersal vector.
Interestingly, the atmospheric deposition microbial habitat showed a dis-
tinguishable annual pattern. Samples temporally apart tend to be dissimilar,
and samples from the same season tend to resemble each other suggesting a
consistent and reproducible inter-annual variability. Inter-annual recurrence
in microbial communities has been also observed in other environments (e.g.
Fuhrman et al., 2006; Galand et al., 2010) and apparently it would be also
the case here, reinforcing the idea that the atmosphere has environmental
characteristics consistent with other habitats where biogeochemical cycling
occurs (Womack et al., 2010). It has been proposed that airborne microbial
community members may act as ice-nucleation particles (Bowers et al., 2009)
and it remains to be tested wheter or not the taxonomic composition of the
airborne assemblages may influence cloud dynamics. We also observed both
several co-occurrent OTUs associated with different seasons, and a module
of OTUs associated with samples from long periods without Saharan intru-
sions. Recent studies have stressed how the composition of airborne micro-
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bial communities is related to land-use type (Bowers et al., 2011a) and sea-
son (Bowers et al., 2011b), and probably these local and regional features gen-
erate global patterns in the dynamics and distribution of airborne microbial
assemblages. In fact, a survey carried out in remote Himalayan lakes lo-
cated at c. 5,000 m a.s.l., showed most of the bacterial populations detected
as cosmopolitan, closely related to ribosomal sequences recovered from dis-
tant alpine and glacier regions (Sommaruga & Casamayor, 2009). In addition,
a previous study highlighted the short-term temporal variability of airborne
bacterial composition with many of the specific taxonomic groups retrieved
being common to other cold and highly oligotrophic environments (Fierer
et al., 2008b).
Remote lakes are excellent sentinels because they are usually unaffected
by direct human influence, yet they receive inputs of atmospheric pollutants,
dust, and other aerosols both inorganic and organic. Dust is responsible for
the most important difference in precipitation chemistry and, consequently,
in the acid-base balance of mountain lakes, and also leads to a significant in-
crease in sulphate, nitrate and ammonium deposition (Psenner, 1999). Fur-
thermore, dissolved organic matter (DOM) from atmospheric deposition may
act as an energy source for bacterial growth (Mladenov et al., 2011). Specifi-
cally, the deposition maximum from the Sahara to Europe occurs at 2,000-3,000
m altitude (Psenner, 1999) where the lakes sampled in this study were located.
Correlations between bacterial abundance, elevation and water residence time
suggest that at high elevations, fertilization by dust may be important be-
cause of minimal catchment vegetation influences, and relatively greater ex-
posure to atmospheric deposition (Mladenov et al., 2011). Actinobacteria which
are usually pigmented, spore forming and abundant in high altitude alpine
lakes (Warnecke et al., 2005) may succesfully survive this long journey and
be potential colonizers of sink aquatic environments. We observed a notable
number of actinobacterial OTUs shared by the three potentially connected
habitats, suggesting that actinobacterial members might be entering the lakes
from the catchment soils as dormant cells or transported for long distances in
the troposphere during Saharan dust outbreaks (Hervàs & Casamayor, 2009).
Moreover, Actinobacteria were abundant in co-occurrent modules (blue and
green modules in Fig. 9.6A) associated with soils but also with lake neuston
samples. Besides Alphaproteobacteria and Actinobacteria, OTUs from Betapro-
teobacteria, Bacteroidetes and Firmicutes were also found in the three distant
habitats explored. Recently, some Gammaproteobacteria have been proposed
as indicators of airborne transport from the Sahara (Hervàs et al., 2009). Over-
all, it appears that the presence of viable cell forms in the high atmosphere
goes far beyond the traditionally considered well-adapted sporulated forms.
In this work we described the community composition from the potential
Discussion 149
source (i.e. the Saharan desert), the atmospheric carrier, and the natural col-
lector (i.e. the neuston of high mountain lakes), and the percentage of shared
OTUs among the three potentially connected habitats was approximately 10%
of the total number of OTUs. This percentage increased to 50% regarding the
shared OTU composition of deposition with soil and neuston samples, and up
to 88% of the shared soil and neuston OTU composition. Although the impact
of microbial atmospheric deposition on sink environments is an important
and controversial issue, very few efforts have been addressed to estimate the
composition of immigrant microorganisms and the significance of immigra-
tion for community assembly (Jones et al., 2008; Hervàs et al., 2009). Colo-
nization via atmospheric deposition may only represent low-level, stochastic
variability that is independent of internal dynamics because it has been esti-
mated that deposition over a day only represents 0.0001-0.1% of the bacterial
planktonic pool in a lake, and other processes such as particle sinking flux and
grazing rates remove equal or greater numbers of cells than estimated to be
deposited (Jones et al., 2008). However, the influence on the total lake diver-
sity pool (i.e. the rare biosphere; Pedrós-Alió, 2006) may be paramount due to
the extraneous metabolic potential introduced in a pristine environment such
as high-altitude lakes. Long-distance dispersal can operate in short-term eco-
logical scale but also as a historical contingency. In our dataset, the detected
temporal signal of microbial deposition may influence community assembly
in a predictable way. Furthermore, dormancy (which may represent up to 50%
of total microbial cell counts in natural environments) may contribute to the
potential of long-distance colonization by reducing the risk of local extinction
through the recruitment from the diversity pool (Lennon & Jones, 2011).
Overall, our study described the microbial diversity of three different habi-
tats potentially connected by long-distance dispersal. We observed a conspic-
uous temporal pattern of the microbial communities associated with atmo-
spheric deposition, and co-occurrence patterns among the microbial immi-
grants. We cannot definitely solve the issue of the significance of microbial
colonization via atmospheric deposition, but our results indicate that besides
its probable low-level and random variability, the detected temporal signal
may point to regular and potentially predictable influences on sink communi-
ties. Further modeling (Burrows et al., 2009) and experimental (Hervàs et al.,
2009) approaches may enhance our understanding of the connectivity among
distant habitats by the intercontinental transport of airborne microorganisms.
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Resumen
La exploración de extensos conjuntos de datos generados mediante técnicas
de secuenciación masiva requiere nuevas aproximaciones analíticas para es-
cudriñar más allá de los inventorios descriptivos. Con el objetivo de investi-
gar potenciales interacciones entre clados de microorganismos, el análisis de
redes basados en patrones de co-ocurrencia puede ser una herramienta útil
para descifrar la compleja estructura de estas comunidades.
En este trabajo, se aplicó el análisis de redes a un conjunto de datos del gen
ribosomal del 16S (más de 160000 secuencias) obtenido por pirosecuenciación
de 151 muestras de suelos. Se describió la topología de la red generada y se
definieron clados generalistas y especialistas en función de su abundancia y
presencia. Gracias a esta nueva perspectiva se pudieron apreciar patrones de
co-ocurrencia no aleatorios y estrategias comunes a amplios niveles taxonómi-
cos. En conclusión, se demostró el potencial de la exploración de correlaciones
entre clados para la aprehensión de ciertas reglas ecológicas que guían el en-
samblaje de las comunidades microbianas.
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Abstract 1
Exploring large environmental datasets generated by high-throughput DNA
sequencing technologies requires new analytical approaches to move beyond
the basic inventory descriptions of the composition and diversity of natural
microbial communities. In order to investigate potential interactions between
microbial taxa, network analysis of significant taxon co-occurrence patterns
may help to decipher the structure of complex microbial communities across
spatial or temporal gradients. Here, we calculated associations between mi-
crobial taxa and applied network analysis approaches to a 16S rRNA gene
barcoded pyrosequencing dataset containing >160,000 bacterial and archaeal
sequences from 151 soil samples from a broad range of ecosystem types. We
described the topology of the resulting network and defined operational tax-
onomic unit categories based on abundance and occupancy (that is, habitat
generalists and habitat specialists). Co-occurrence patterns were readily re-
vealed, including general non-random association, common life history strate-
gies at broad taxonomic levels and unexpected relationships between commu-
nity members. Overall, we demonstrated the potential of exploring inter-taxa
correlations to gain a more integrated understanding of microbial community
structure and the ecological rules guiding community assembly.
10.1 Introduction
Studies of complex microbial communities have advanced considerably in re-
cent years, in part, due to methodological advances such as high-throughput
DNA sequencing technologies that yield detailed information on the com-
position of microbial communities (Sogin et al., 2006). The sequence data
are typically derived from sequencing a portion of the small-subunit rRNA
gene (Pace, 1997) and a wide variety of techniques can be applied to the anal-
ysis of the sequence data in order to describe the composition of microbial
communities, their diversity and how communities may change across space,
time, or experimental treatments. However, most of the analytical techniques
focus on single properties of the communities being studied. For example,
studies describing and comparing the structure of microbial communities of-
ten focus on the total numbers of taxa or unique lineages found in individual
samples (that is, α-diversity), the relative abundances of individual taxa or
lineages and the extent of phylogenetic or taxonomic overlap between com-
munities or community categories (that is, β-diversity). α-diversity measures
(for example, richness and coverage estimators, rarefaction curves) yield esti-
1See original publication in Barberán et al. (2012a).
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mates of microbial diversity and its limits in different environments (Hughes
et al., 2001; Curtis et al., 2002; Sogin et al., 2006). Likewise, multivariate sta-
tistical techniques such as clustering and ordination have allowed microbial
ecologists to describe β-diversity patterns, revealing how biotic and abiotic
variables control microbial community composition. For example, analyses
of β-diversity patterns have revealed how microbial communities are struc-
tured across a wide range of natural habitats (Lozupone & Knight, 2007; Au-
guet et al., 2010; Barberán & Casamayor, 2010, 2011), the spatial and temporal
variability of microbial communities on and in the human body (Fierer et al.,
2008a; Costello et al., 2009), and the factors structuring soil bacterial commu-
nities (Lauber et al., 2009). In contrast, there has been far less attention focused
on using sequence data to explore the direct or indirect interactions between
microbial taxa coexisting in environmental samples. Documenting these inter-
actions between taxa (that is, co-occurrence patterns) across complex and di-
verse communities may help to ascertain the functional roles or environmental
niches occupied by uncultured microorganisms (Ruan et al., 2006; Fuhrman &
Steele, 2008; Chaffron et al., 2010). With the ever-increasing accumulation of
sequence data from microbial communities, we now have the challenge to be-
gin exploring these interactions, and to extend community analyses beyond
the exploration of α- and β-diversity patterns that represent the bulk of most
sequence-based microbial community analyses.
Network analysis tools and network thinking (Proulx et al., 2005) have
been widely used by biologists, mathematicians, social scientists, and com-
puter scientists to explore interactions between entities, whether those entities
are individuals in a school (Moody, 2001), species in a food web (Krause et al.,
2003), nodes on a computer network (Pastor-Satorras & Vespignani, 2001), or
proteins in metabolic pathways (Guimera & Amaral, 2005). Network analy-
sis is used to explore the mathematical, statistical and structural properties of
a set of items (nodes) and the connections between them (edges; Newman,
2003). With a few notable exceptions (for example, Ruan et al., 2006; Chaffron
et al., 2010; Freilich et al., 2010), network analysis has not been widely applied
to exploring co-occurrence patterns between microbial taxa in complex com-
munities. To detect robust associations between microorganisms within and
between habitats using network analysis, it is essential to have fairly detailed
information on the microbial taxa found across relatively large numbers of
samples, as without sufficiently large sample sets it will be difficult to deter-
mine whether or not co-occurrence patterns are statistically significant. Ide-
ally, sample sets should cover spatial or temporal gradients in environmental
conditions in order for there to be a sufficient variability in taxon abundances
to resolve co-occurrence patterns. As shown in recent studies that have used
barcoded pyrosequencing to survey microbial communities in large numbers
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of samples (for example, Fierer et al., 2008a; Costello et al., 2009; Galand et al.,
2009; Lauber et al., 2009), it is now possible to generate microbial datasets that
can take full advantage of network analysis approaches and we can apply
them to even highly diverse communities, like those found in soils, to explore
co-occurrence patterns.
Network analysis of taxon co-occurrence patterns offers new insight into
the structure of complex microbial communities, insight that complements
and expands on the information provided by the more standard suite of an-
alytical approaches. First, inter-taxa associations may help reveal the niche
spaces shared by community members (even members of different domains of
life, such as Bacteria and Archaea) or, perhaps, more direct symbioses between
community members. Such information is particularly valuable in environ-
ments, such as soil, where the basic ecology and life history strategies of many
microbial taxa remain unknown (Janssen, 2006). Exploring co-occurrence pat-
terns between soil microorganisms can help identify potential biotic interac-
tions, habitat affinities, or shared physiologies that could guide more focused
studies or experimental settings. More generally, network analysis represents
an approach for exploring and identifying patterns in large, complex datasets,
patterns that may be more difficult to detect using the standard α/β diversity
metrics widely used in microbial ecology (Proulx et al., 2005).
Here we used network analyses to explore associations between prokary-
otic taxa in soil, one of the most complex and taxon-rich microbial habitats
on Earth. We analyzed over 160,000 bacterial and archaeal 16S rRNA gene
sequences from 151 soil samples from a wide variety of ecosystem types in or-
der to demonstrate the utility of network analyses and address the following
questions: (i) Do soil microorganisms tend to co-occur more than expected
by chance? (ii) Can the lack of agreement between observed and random
intra-phyla co-occurrence be used as a proxy of niche differentiation? and (iii)
Which taxa are generalists (broadly distributed across soil habitats) or special-
ists (restricted to certain habitats but locally abundant) and how these ecolog-
ical categories shape network structure?
10.2 Methods
10.2.1 Soil description and molecular methods
The dataset consisted of 151 soil samples distributed across North and South
America, and Antarctica. The collected soils came from a broad range of
ecosystems, climates and soil types. Soil collection protocol and methods for
edaphic and environmental properties have been described previously (Fierer
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& Jackson, 2006; Bates et al., 2010).
Preparation of extracted DNA for pyrosequencing followed the proto-
col described in detail in Fierer et al. (2008a) and Bates et al. (2010). In
brief, a region of the 16S rRNA gene (B250 nucleotides) was amplified
with the primers F515 (5’-GTGCCAGCMGCCGCGGTAA-3’) and R806 (5’-
GGACTACVSGGGTATCTAAT-3’) that should amplify nearly all bacteria and
archaea with few biases against particular groups (Bates et al., 2010). The
resulting barcoded PCR product was normalized in equimolar amounts and
sequenced on a Roche GS-FLX 454 automated pyrosequencer (Roche Applied
Science, Branford, CT, USA) at the Environmental Genomics Core Facility
(Engencore) at the University of South Carolina.
10.2.2 Sequence processing
Raw sequence data generated from pyrosequencing were processed in QI-
IME (Caporaso et al., 2010). Briefly, sequences were quality trimmed and clus-
tered into operational taxonomic units (OTUs) using a 90% identity threshold
with uclust (Edgar, 2010). A 90% identity threshold, which corresponds
approximately to the taxonomic level of Family for bacteria (Konstantinidis
& Tiedje, 2007), was used to generate consistent OTUs with high abundances
for subsequent analyses based on correlations and to circumvent potential
taxonomic misclassifications due to sequencing anomalies. If we were to use
the more standard ‘species-level’ OTU cutoff (97% sequence identity), the
resulting OTU table would be far larger making data visualizations and anal-
ysis more difficult. At the 90% identity level, the final OTU table consisted of
160,469 sequences (average of 1,063 sequences per sample) distributed into
4,088 OTUs, of those 2,798 were represented by more than one sequence.
Taxonomic assignment was carried out with the RDP Classifier (Wang et al.,
2007), and manually curated by BLAST searches against the GenBank non-
redundant nucleotide database (nt).
10.2.3 Data analysis
Non-random co-occurrence patterns were tested with the checkerboard score
(C-score) under a null model preserving site frequencies (Stone & Roberts,
1990). A checkerboard unit is a 2 x 2 matrix where both OTUs occur once
but on different sites. For network inference, we calculated all possible Spear-
man’s rank correlations between OTUs with more than five sequences (1,577
OTUs). This previous filtering step removed poorly represented OTUs and re-
duced network complexity, facilitating the determination of the core soil com-
munity. We considered a valid co-occurrence event to be a robust correlation
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if the Spearman’s correlation coefficient (ρ) was both > 0.6 and statistically
significant (p-value < 0.01, Steinhauser et al., 2008). The nodes in the recon-
structed network represent the OTUs at 90% identity, whereas the edges (that
is, connections) correspond to a strong and significant correlation between
nodes. In order to describe the topology of the resulting network, a set of
measures (that is, average node connectivity, average path length, diameter,
cumulative degree distribution, clustering coefficient and modularity) were
calculated (Newman, 2003). All statistical analyses were carried out in the R
environment (http://www.r-project.org) using vegan (Oksanen et al., 2009)
and igraph (Csardi & Nepusz, 2006) packages. Networks were explored and
visualized with the interactive platform gephi (Bastian et al., 2009).
10.3 Results and discussion
10.3.1 General co-occurrence patterns
Soils are heterogeneous environments that harbor enormously diverse
prokaryotic communities (Torsvik et al., 1990; Curtis et al., 2002). Previ-
ous work has explored soil microbial diversity from various perspectives,
including the estimation of species richness levels in individual samples (for
example, Fierer et al., 2007b; Roesch et al., 2007; Youssef & Elshahed, 2008),
assessment of the abiotic variables that control the diversity and composition
of communities (for example, McCaig et al., 2001; Fierer & Jackson, 2006;
Lauber et al., 2009), and the assessment of how specific abiotic factors influ-
ence specific taxa (for example, Jones et al., 2009). The relationships between
microbial taxa also shape the structure of microbial communities (Prosser
et al., 2007), and thus, it can be expected that non-random co-occurrence
patterns and significant inter-taxa relationships should occur.
After quality filtering and OTU clustering at the 90% identity, we ob-
tained 2,798 OTUs represented by more than one sequence distributed
across the 151 soil samples included in this study. In order to assess non-
random co-occurrence patterns, we first used an ecological measure based on
checkerboard units (C-score; Stone & Roberts, 1990). Overall, we observed
non-random co-occurrence pattern using the whole dataset (C-score = 46.56,
p-value < 0.01). Restricting the analysis to only those OTUs showing signifi-
cant relationships (the ones appearing in Figure 10.1), the measure increased
to C-score = 185.03 and p-value < 0.01. A recent meta-analysis showed similar
patterns of co-occurrence for microorganisms and macroorganisms suggest-
ing that non-random community assembly may be a general characteristic
across all life domains (Horner-Devine et al., 2007). This finding that there are
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significant non-random co-occurrence patterns is not surprising, given that
we have known for some time that many bacterial taxa exhibit predictable
biogeographical patterns (Prosser et al., 2007). Likewise, documenting non-
random co-occurrence patterns is far different from actually identifying the
causal mechanisms structuring the communities. However, non-random
assembly patterns do indicate the dominance of deterministic processes in-
cluding competitive interactions, non-overlapping niches or historical effects
in shaping community composition (Horner-Devine et al., 2007).
10.3.2 Network description
Once we established that the soil microbial assemblage patterns were certainly
non-random, we further explored co-occurrence patterns using network in-
ference based on strong and significant correlations (using non-parametric
Spearman’s; Steinhauser et al., 2008). Correlation networks of co-occurring
microorganisms permit the visual summary of lots of information (Chaffron
et al., 2010) and have been successfully applied to discern associations be-
tween marine microorganisms and their environment (Ruan et al., 2006).
The resulting soil microbial network (Figure 10.1) consisted of 296 nodes
(OTUs) and 679 edges (average degree or node connectivity 4.59). Some topo-
logical properties commonly used in network analysis were calculated to de-
scribe the complex pattern of inter-relationships between OTUs (Newman,
2003). The average network distance between all pairs of nodes (average path
length) was 5.53 edges with a diameter (longest distance) of 18 edges. The
clustering coefficient (that is, how nodes are embedded in their neighborhood
and, thus, the degree to which they tend to cluster together) was 0.33 and the
modularity index was 0.77 (values > 0.4 suggest that the network has a mod-
ular structure; Newman, 2006). Overall, the soil microbial network was com-
prised of highly connected OTUs (approximately 5 edges per node) structured
among densely connected groups of nodes (that is, modules) and forming a
clustered topology (as expected for real-world networks that are more signif-
icantly clustered than random graphs). These structural properties offer the
potential for quick and easiest comparisons among complex datasets from dif-
ferent ecosystem types in order to explore how the general traits of a certain
habitat type may influence the assembly of microbial communities.
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Figure 10.1: Network of co-occurring 90% cut-off OTUs based on correlation analysis. A con-
nection stands for a strong (Spearman’s ρ > 0.6) and significant (p-value < 0.01) correlation. The
size of each node is proportional to the number of connections (that is, degree). Left panel : OTUs
colored by taxonomy. Right panel : OTUs colored by abundance and occupancy (generalists and
specialists).
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The structural analysis also showed that OTUs from the same phyla tended
to co-occur more (33%) than expected when considering observed phyla fre-
quencies and random association (11%; Figure 10.1, left panel). Thus, the mag-
nitude of the lack of agreement between the observed intra-phyla percentage
of significant co-occurrences, on the one hand, and the expected assembling
under random association, on the other hand, may be used as an index of
niche preferences or synergetic relationships. This index may also capture dif-
ferences among habitats (for example, aquatic vs soil) that may shed light on
the ecological rules guiding microbial community composition. In all like-
lihood, most of these co-occurrence patterns are derived from taxa sharing
similar ecological niches, not direct symbioses, however, these data alone do
not allow us to separate these two possibilities. Some of the co-occurrence
patterns reveal or confirm interesting ecological patterns for taxa that have
not been well studied. For instance, members of the verrucomicrobial phy-
lum tended to co-occur more (1.8%) than expected by chance (0.3%) suggest-
ing that, despite being abundant and ubiquitous in soils (Bergmann et al.,
2011), they share a specific (and as yet undefined) niche (Figure 10.4). An-
other abundant and cosmopolitan phylum that also showed higher incidences
of co-occurrence than expected by random association was Acidobacteria (2.4%
at random while 9.4% observed; Figure 10.4). In this case, the pattern is most
likely driven by the previously observed phenomenon that soil pH largely
governs the distributions of many soil acidobacterial taxa (Jones et al., 2009).
Other examples were the Chloroflexi and Deinococcus groups, which were nei-
ther abundant nor generalists/cosmopolitan (Figure 10.4), but instead, ap-
peared to be mostly restricted to desert soils. Several OTUs shared the same
habitat preferences and thus appeared to be very interconnected (1.9% at ran-
dom while 6.2% observed for Chloroflexi; 0.01% at random while 1% observed
for Deinococcus). The degree of disagreement between observed and random
co-occurrence may therefore provide further insights in the niche differenti-
ation for the different populations sharing a common phylogeny at different
levels of relatedness. Overall, these findings suggest that environmental fil-
tering effects and niche differentiation are evident at broad taxonomic levels,
as noted elsewhere (Philippot et al., 2010).
10.3.3 Habitat generalists and specialists
Each of the OTUs represented by more than one sequence was drawn in the
abundance vs. occupancy plot (Figure 10.2) to split the set of taxa into two
general categories: soil generalists, on the one hand (that is, broadly dis-
tributed microbial taxa, which we operationally define here as present in 480
of the 151 soils) and soil specialists (operationally defined here as those that
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were locally abundant, representing 42% of the sequences in individual li-
braries, but only found in < 10 soil samples), on the other hand. Under this
criterion, approximately 2% of the OTUs fell into the generalist category while
1% fell into the specialist category. Despite using in the present work a high-
throughput DNA sequencing method with higher sequencing depth than tra-
ditional methodologies, we may have missed very low abundance taxa that
potentially could be habitat generalists. However, dividing taxa from eco-
logical communities into these two categories, which we admittedly defined
somewhat arbitrarily, is useful for defining ecological categories/strategies
that offer additional information from those defined by phylogeny, taxonomy,
or functional capacity (Magurran & Henderson, 2003). Recently, partitioning
microbial taxa based on abundance and occupancy has been proved useful in
the analysis of clinical samples (van der Gast et al., 2011). In general ecology,
positive relationships between mean abundance and occupancy have been
observed at many spatial scales (Guo et al., 2000; van der Gast et al., 2011).
However, we did not observe such trend in our dataset. Although most of
the soil samples analyzed in the present work had their origins in temperate
and fertile soils, the environmental variability covered in this study (that is,
different habitats and a broad spatial scale) probably altered this relationship.
For example, specialist bacterial OTUs inhabiting extreme environments such
as deserts or Antarctica soils had a higher abundance than expected regarding
their persistence in the overall sampling range.
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Figure 10.2: Abundance (y axis) and occupancy (x axis) plot for the 90% cut-off OTUs. Habitat
generalists OTUs (in red) defined as appearing in > 80 soil samples. Habitat specialists OTUs (in
blue) defined as locally abundant (> 18 sequences) and appearance in < 10 soils.
Overall, we observed a consistent separation in the co-occurring network
analysis between generalists and specialists (see significant correlations in Fig-
ure 10.1, right panel, against all the remaining OTUs, and a detail in Fig-
ure 10.3 adding taxonomic information). Specialists OTUs (locally abundant
in a few samples) were composed of a diverse range of phylogenetic groups
not common in soils from most biomes (that is, Chloroflexi, Deinococcus, Gem-
matimonadetes; Figure 10.3). Generalists OTUs (distributed broadly), in turn,
were typical soil members from the Acidobacteria, Proteobacteria (especially of
the Alpha subclass) and Verrucomicrobia groups (see Figure 10.4, top and low
panels, and Janssen 2006 for a recent review). The different taxonomic com-
position and range of distribution probably influenced the network structure
observed (Figure 10.3), indicating that these two ecological categories shaped
differently the network structure. The generalists network was less connected
and more compartmentalized (19 significant co-occurrences and five compart-
ments) than the specialists network (29 significant co-occurrences and two
compartments) probably because of the highest habitat variability covered by
the former and the presence in restricted environments by the latter. Thus, the
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two somehow arbitrary ecological categories that we established allowed us
to capture additional information on the community assembling structure as
previously shown for macroorganisms (Pandit et al., 2009).
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Figure 10.3: Network of co-occurring generalists and specialists 90% cut-off OTUs based on cor-
relation analysis. A connection stands for a strong (Spearman’s ρ > 0.6) and significant (p-value
< 0.01) correlation. The size of each node is proportional to the number of connections (that is,
degree). Labels according to taxonomic affiliation: Ac, Acidobacteria. A.R, Alphaproteobacte-
ria; Rhizobiales. A.Rh, Alphaproteobacteria; Rhodobacterales. A.S, Alphaproteobacteria; Sph-
ingomonadales. Ba.F, Bacteroidetes; Flavobacteria. Ba.S, Bacteroidetes; Sphingobacteria. Ch,
Chloroflexi. Cr, Crenarchaeota. Cy, Cyanobacteria. D, Deltaproteobacteria. De, Deinococcus. G,
Gemmatimonadetes. Ga, Gammaproteobacteria. V, Verrucomicrobia.
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Figure 10.4: Relative abundance of different microbial taxonomic groups. Top panel : number
of sequences in all soil samples. Middle panel : number of significant co-occurrent OTUs (nodes
from Figure 10.2). Low panel : number of cosmopolitan OTUs.
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Finally, the significant correlations found between the generalists OTUs
and the whole dataset are shown in Table 10.1. The listed correlations do not
include co-occurrent events among members of the same taxonomic group.
Generalists OTUs belonged to abundant phyla such as Verrucomicrobia, Aci-
dobacteria, Proteobacteria and Bacteroidetes. Interestingly, generalists OTUs not
classified as typical and abundant soil members (such as Deltaproteobacteria
and Crenarchaeota) co-occurred with other ubiquitous members. The case of
the crenarchaeotal OTU (closely related to Candidatus Nitrososphaera gargensis
and previously described as ubiquitous in soil; Bates et al., 2010) is particu-
larly remarkable due to our poor understanding of the niches occupied by
this taxon, even though it has been proposed that related Crenarchaeota may
have an important role in the nitrogen cycle as ammonia oxidizers (Leininger
et al., 2006). This particular crenarchaeotal OTU co-occurred with sequences
closely related to methane oxidizers (Table 10.1). This observation may be a
first step to revise the expected functional role of soil Crenarchaeota in the ni-
trification process because of the high sequence similarity of the enzymes that
catalyze ammonia oxidation (ammonia monooxygenase) and methane oxida-
tion (particulate methane monooxygenase; Holmes et al., 1995). This is an
example of the potential that the approach proposed in the present work has
to gain knowledge on elusive but ecologically relevant microorganisms.
10.3.4 Final remarks
With this work we have demonstrated the utility of including network anal-
ysis approaches in the repertory of statistical approaches so far available to
microbial ecologists. By employing network analyses to a large soil microbial
dataset generated by pyrosequencing, the process of exploring the complex set
of data was more feasible and interesting unseen patterns emerged, includ-
ing non-random association, deterministic processes at different taxonomic
levels and unexpected relationships between community members. Different
ecological rules guiding microbial community composition may be reflected
in diverse network structure among habitats (for example, aquatic vs. soil,
or early colonized vs. late-successional ecosystems) that deserves further re-
search. The next logical step is to go beyond merely describing the patterns
revealed by the network analysis and design more focused experiments, or the
study of specific environmental gradients and community shifts over time, in
order to understand the mechanisms producing patterns of community co-
existence, that is, what finally determines which and how many species live
together in a community.
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Exploration of community traits
as ecological markers in
microbial metagenomes
Resumen
El ritmo de recopilación de información generada por la técnica de la meta-
genómica está desacoplado de su interpretación ecológica elocuente. Nuevas
aproximaciones analíticas basadas en la ecología de caracteres funcionales po-
drían ser de gran ayuda para solventar este desacoplamiento y extender dicha
aproximación al nivel de comunidad en complejos conjuntos de datos genó-
micos. El objetivo de este estudio fue la exploración de un grupo de caracteres
comunitarios que cubrían propiedades tanto nucleotídicas como genómicas
en 53 muestras metagenómicas acuáticas provenientes de la expedición GOS.
Como resultado, se encontraron diferencias significativas entre el perfil de
β-diversidad derivado del marcador taxonómico del gen ribosomal del 16S y
el perfil funcional. Los caracteres analizados discriminaron entre ecosistemas
marinos y entre océanos, por lo que se postulan como potenciales marcadores
ecológicos. Además, algunas relaciones entre caracteres podrían ser usadas
como señales particulares de hábitats o incluso como indicadores de artefac-
tos durante el procesamiento de muestras. Como conclusión, la perspectiva
analítica presentada puede ser fructífera para la interpretación de datos meta-
genómicos dentro de un riguroso marco ecológico.
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Abstract 1
The rate of information collection generated by metagenomics is uncoupled
with its meaningful ecological interpretation. New analytical approaches
based on functional trait-based ecology may help to bridge this gap and
extend the trait approach to the community level in vast and complex en-
vironmental genetic data sets. Here, we explored a set of community traits
that range from nucleotidic to genomic properties in 53 metagenomic aquatic
samples from the Global Ocean Sampling (GOS) expedition. We found signif-
icant differences between the community profile derived from the commonly
used 16S rRNA gene and from the functional trait set. The traits proved to
be valuable ecological markers by discriminating between marine ecosystems
(coastal vs. open ocean) and between oceans (Atlantic vs. Indian vs. Pacific).
Intertrait relationships were also assessed, and we propose some that could
be further used as habitat descriptors or indicators of artefacts during sam-
ple processing. Overall, the approach presented here may help to interpret
metagenomics data to gain a full understanding of microbial community
patterns in a rigorous ecological framework.
11.1 Introduction
In the field of community ecology, there is a resurging interest in understand-
ing biogeographical patterns based on functional traits (i.e. biological charac-
teristics linked to fitness; McGill et al., 2006; Kraft et al., 2008). The study of
covarying traits in an environmental context is crucial to understand the eco-
logical strategies that underlie community patterns (Green et al., 2008). In par-
allel, the new field of metagenomics is challenging the scientific community
with an astonishing amount of complex data that intersect the disciplines of
microbiology, genetics, ecology and bioinformatics (Handelsman, 2004). De-
spite some computational advances, the analysis of community genomics data
within a meaningful ecological framework remains an elusive goal (Raes et al.,
2007a; Kunin et al., 2008). Metagenomics, however, produces data very suit-
able for extending traditional species-level functional-trait analyses (Wright
et al., 2004) to the community level, resulting in an ecological approach to
analysing metagenomic data that circumvent the confounding effects of hori-
zontal gene transfer present at lower levels of organization (e.g. at the species
or population level).
Recently, the Global Ocean Sampling (GOS) expedition (Rusch et al., 2007)
has generated the largest marine metagenomic data set ever sampled along an
1See original publication in Barberán et al. (2012b).
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environmental gradient, with approximately eight billion nucleotides present
in more than 7 million DNA fragments. However, few attempts have been
made to analyse this data within an ecological framework (Raes et al., 2011).
A synergy between ecology and metagenomics may help bridge this gap, by
providing theoretical and analytical tools that could unveil microbial commu-
nity patterns and the processes that underlie them (Prosser et al., 2007).
To achieve this objective, we have characterized a set of community traits
in 53 GOS metagenomic samples taken from the near-surface marine plank-
tonic environment. First, we tested the performance of each trait as a taxo-
nomic, functional and habitat surrogate, respectively. Second, we compared
the whole community profile derived from the commonly used 16S rRNA
gene marker and from the functional trait set. Finally, we assessed intertrait
relationships that could be further used as indicators of functional anomalies
and/or for detection of artefacts during sample processing. Overall, the ap-
proach presented here is an important step towards developing taxonomic
and functional analysis of metagenomic data in a rigorous ecological frame-
work and to provide insights into community ecology beyond purely descrip-
tive studies.
11.2 Methods
11.2.1 Global Ocean Sampling metagenomic data
Unassembled genomic fragments (reads) from the GOS expedition (Rusch
et al., 2007) were downloaded from the CAMERA database (Seshadri et al.,
2007). We selected 53 surface water samples from picoplankton collected
within the same size fraction (0.1–0.8 µm ), and free of bacterial contamina-
tion during sample handling (DeLong, 2005). Based on current knowledge
regarding the spatial and temporal scales of variation in marine microbial
communities, a GOS sample represents approximately a week temporally, a
few kilometres horizontally and a few metres vertically (Fuhrman, 2009). The
analysed metagenomic data set comprised approximately 8,000 Mb contained
in approximately 5 million reads.
11.2.2 Community traits calculation
Up to 15 traits were calculated with different level of complexity (see Ta-
ble 11.1). First, three simple traits were calculated. Custom Perl scripts were
used to calculate the GC content and its variance, whereas the odds ratio of
dinucleotides was measured as previously described Willner et al. (2009). Din-
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ucleotides have been shown to perform better than tri- and tetranucleotides
for explanation of habitat differences (Willner et al., 2009).
Next, we extended our approach to three additional traits that relied on
the estimation of the number of genomes present in each metagenome. For
the assessment of the effective genome size (EGS; Raes et al., 2007b), the num-
ber of rRNA genes per genome (Howard et al., 2008) and the number of genes
per genome (Biers et al., 2009), we targeted 35 protein markers (see detailed
information in Appendix) known to exist as single-copy genes, to be univer-
sally distributed along the tree of life, and that are likely recalcitrant to lateral
gene transfer (Ciccarelli et al., 2006; Raes et al., 2007b; Wu & Eisen, 2008).
Finally, a set of traits based on the functional annotation of the metage-
nomic reads was calculated. Automatic annotation of the reads and protein
prediction were carried out using MG-RAST (Meyer et al., 2008), which re-
moved strict duplicate reads. Codon and amino acid composition of the pre-
dicted proteins were calculated using the program cusp bundled in the em-
boss package (Rice et al., 2000). The acidic (i.e. glutamic and aspartic acids) to
basic (i.e. lysine, histidine and arginine) amino acids ratio (AB) was calculated
following (Rhodes et al., 2010). Functional content was based on the compari-
son against the SEED platform and reported at the subsystem level (Dinsdale
et al., 2008). The SEED subsystems are manually curated collections of pro-
teins with related functions (Overbeek et al., 2005). From the functional an-
notation, we used as traits the percentage of transcriptional factors (TF) and
the percentage of SEED subsystems classified reads, both calculated over the
reads predicted to be protein coding. Taxonomic content based on 16S rRNA
genes was determined by comparing the reads against the Greengenes 16S
rRNA gene database and reported at the order level (DeSantis et al., 2006b).
For each metagenome, the same parameters were used to ensure the congruity
of subsequent analysis. Diversity of the taxonomic and functional contents
was calculated using the Shannon index. To correct for unequal sample size,
we report the mean of 1,000 randomized subsamples.
Multivariate traits (i.e. taxonomic content, dinucleotides, codons, amino
acids and functional content; see Table 11.1) were transformed by considering
the projection on the first component of a principal component analysis (PCA).
11.2.3 Statistical analyses
To estimate the degree of spatial autocorrelation of the community traits,
Moran’s coefficient (I) was calculated. Partial Mantel tests were used to de-
termine the correlation between the similarity of each trait and the taxonomic
or functional community similarity. Additionally, analysis of similarities
(ANOSIM) was used to test for significant differences within marine ecosys-
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tems (coastal vs. open ocean) and between oceans (Atlantic vs. Indian vs.
Pacific). The ANOSIM R statistic is based on the difference of mean dis-
similarity ranks between groups and within groups and ranges from 0 (no
separation) to 1 (complete separation; Clarke, 1993). To test for differences
between habitats, PERmutational Multivariate ANOVA (PERMANOVA) was
used (McArdle & Anderson, 2001). To represent taxonomic and functional
community similarity, we ran nonmetric multidimensional scaling using
the Bray–Curtis distance metric after Hellinger standardization (Legendre
& Gallagher, 2001). All statistical analyses were carried out in the R envi-
ronment (http://www.r-project.org) using the ape (Paradis et al., 2004) and
vegan (Oksanen et al., 2009) packages.
11.3 Results and discussion
A more complete understanding of microbial processes and patterns is essen-
tial to understand ecosystem functions and to predict the Earth’s response
to global change (Fuhrman, 2009). Community genomics is revealing an un-
precedented level of microbial diversity and metabolic novelty in the world’s
oceans and is the most comprehensive approach currently used to reveal mi-
crobial processes and patterns in environmental samples (Handelsman, 2004).
To more completely understand these data in an ecological context, we anal-
ysed community-level functional traits in 53 selected metagenomic samples
from the GOS expedition (Rusch et al., 2007). The analyses produced (i) a de-
fined set of community traits that serve as functional and ecological descrip-
tors of the metagenomic samples; (ii) consistent relationships between traits
that may be used for detection of irregularities and/or methodological arte-
facts and (iii) a different view on microbial communities based either on the
taxonomic or on the functional content.
11.3.1 Community traits as functional descriptors of metage-
nomic samples
We estimated 15 community traits for each metagenomic sample (Table 11.1).
To assess the performance of each of the selected traits as a community de-
scriptor, we first tested their spatial autocorrelation. Most of the traits were
positively spatially autocorrelated (i.e. closer communities tended to have
more similar values), as expected for descriptors of ecological change (i.e.
because the environment tends to be spatially autocorrelated). Taxonomic
and functional composition showed the highest autocorrelation values (Ta-
ble 11.1). Although both traits are subject to database scan biases, they sum-
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marize two key features of biological communities, that is, community iden-
tity and metabolic potential, respectively (Raes et al., 2007a).
The accuracy of the community traits used as descriptors of microbial
metagenomes can be potentially related both to a truly functional cause (i.e.
different metabolic potentials among different microbial assemblages) or just
an effect of community composition (i.e. different taxonomic/phylogenetic
groups present in different samples). To distinguish these potential influ-
ences, we calculated the correlation between sample similarity for each trait
with the taxonomic and the functional composition of each sample (separat-
ing the effects of possible intermatrix correlations with partial Mantel tests).
Most of the traits showed a significant correlation with functional compo-
sition rather than taxonomic composition (Table 11.1), consistent with the
hypothesis that they reflect functional differences, rather than just taxonomic
differences, among samples. Specifically, GC content, dinucleotides and
codon and amino acid compositions (all of them highly correlated) showed
the strongest correlation (Table 11.1). Although nucleotidic signatures have
been proven useful for the taxonomic assignment of individual genomic frag-
ments (Teeling et al., 2004), some signatures have been successfully applied at
the community level for ecological and environmental classification (Willner
et al., 2009; Rhodes et al., 2010). For the taxonomic matrix, only taxonomic
diversity and the number of genes per genome showed a significant (although
weak) correlation (Table 11.1). Overall, the explored community traits were
more correlated with the functional composition (rM = 0.58) than with the
taxonomic composition (rM = 0.42).
We tested the ability of each trait to differentiate between coastal and
pelagic communities and among communities from different oceans (Atlantic
vs. Indian vs. Pacific). A subset of the community traits (GC content, dinu-
cleotides, codon, amino acids, AB ratio and functional content) was able to
clearly distinguish between coastal and open-ocean habitats (Table 11.1). A
different subset of traits (number of rRNA per genome, number of genes per
genome, taxonomic diversity and taxonomic composition) was effective at
distinguishing oceanic origin (Table 11.1). In general, the community traits
distinguished slightly better between coastal and pelagic samples (ANOSIM
R = 0.33) than the taxonomic composition derived from the commonly
used 16S rRNA gene marker (ANOSIM R = 0.31). Nevertheless, taxonomic
composition was the best marker of oceanic origin (ANOSIM R = 0.52).
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11.3.2 Differences between the taxonomic and functional con-
tents
Sequence identity of the 16S rRNA gene has been shown to be related to
the overall genomic content in individual genomes (Zaneveld et al., 2010).
However, we observed substantial differences between taxonomic (based on
the 16S rRNA gene) and functional (based on SEED subsystems) contents in
our samples (Mantel test: rM = 0.36, p-value < 0.01; Figure 11.1). Taxonomic
content primarily separated the non-oceanic samples (i.e. hypersaline, man-
grove, freshwater and estuaries) from the marine plankton (Figure 11.1A),
while functional content distinguished communities with different metabolic
potentials (Figure 11.1B). The single sample from a harbour (GS149) provides
a striking example of how taxonomic community composition and functional
content can provide different perspectives of the same complex microbial as-
semblage. While taxonomically the harbour metagenome was closer to other
marine samples, in terms of its functional content it was a unique sample sep-
arated from the rest (Figure 11.1A, B). This observation may suggest new re-
search on genomic adaptation in polluted environments and on the dynamic
processes that shape microbial communities. For microbial ecologists, it is still
an unsolved question whether communities adapt more efficiently modifying
the genomic repertoire of their members (as has been shown under laboratory
conditions; Sniegowski et al., 1997) or changing the taxonomic composition by
ecological processes such as immigration and dispersal.
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Figure 11.1: Differences between taxonomic and functional community similarity matrices (β-
diversity patterns). (A and B) Nonmetric multidimensional ordination plots for the taxonomic and
functional matrices, respectively. Stress values are indicated. (C and D) Rank of dissimilarities
between groups and within marine ecosystems (Coastal vs. Open ocean) for the taxonomic and
functional matrices, respectively. (E and F ) Rank of dissimilarities between groups and within
oceans (Atlantic vs. Indian vs. Pacific) for the taxonomic and functional matrices, respectively.
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Estuaries are productive habitats at the interface of terrestrial and oceanic
ecosystems where a mixture of freshwater and marine-specific microorgan-
isms is present (Bouvier & del Giorgio, 2002; Crump et al., 2004). Estuarine
samples GS11 (Delaware Bay) and GS12 (Chesapeake Bay) were intermedi-
ate between the single freshwater metagenomic sample (GS20) and the ma-
rine samples, both taxonomically and functionally (Figure 11.1A, B). Although
GS11 and GS12 samples differed in temperature (11 and 3.2 °C, respectively)
and chlorophyll concentration (4.8 and 21 mg·m−3, respectively), they were
more similar in composition to each other than to the other estuary sam-
ple (GS06 from the Bay of Fundy), which was more similar to other marine
metagenomes (Figure 11.1A, B). The temperature and chlorophyll concentra-
tion of sample GS06 were very similar to sample GS11. However, other rel-
evant environmental data such as salinity, a key parameter known to greatly
affect microbial community composition (Lozupone & Knight, 2007; Auguet
et al., 2010), have not been reported for the GOS samples. Thus, we cannot
rule out the possible effects of other unmeasured parameters that may explain
the observed patterns in community composition. Additionally, GS06 is an
estuary sample that also consistently differed in other community traits (Fig-
ure 11.2); for example, it had a very low GC content variance (Figure 11.3B)
compared with the other estuary samples.
We observed that both functional and taxonomic community patterns sig-
nificantly varied between coastal and open ocean waters (ANOSIM R = 0.25
and 0.31, respectively). Coastal and open-ocean sites contain water masses
with contrasting physicochemical characteristics, and several studies have
shown different microbial composition (Acinas et al., 1997; Baltar et al., 2007).
Although the ANOSIM R values were similar, functional content clustered
all the open-ocean samples together (Figure 11.1C, D). Taxonomic content
differentiated better among oceans (ANOSIM R = 0.52) than the functional
content (R = 0.19). Taxonomically, the samples from the Pacific Ocean were
more heterogeneous (a few samples were more similar to the Atlantic and
others to the Indian Ocean), while functionally, the Atlantic Ocean was the
most heterogeneous (Figure 11.1E, F; heterogeneous groups of samples show
comparable mean rank of dissimilarities to the “Between” category).
11.3.3 Relationships among community traits
We used a PCA to determine the relationship among the community traits
and to test how well they could discriminate among samples from different
habitats (Figure 11.2). Previous work on bacterial (Lozupone & Knight, 2007)
and archaeal (Auguet et al., 2010) community patterns based on the 16S rRNA
gene indicated salinity as the major driving force at the global scale. In the
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ordination plot of community traits, the hypersaline (GS33) and freshwater
(GS20) samples clustered away from the remaining samples (Figure 11.2). The
community traits distinguished better among samples from different habitats
(PERMANOVA: r2 = 0.49, p-value < 0.001) than taxonomic composition based
on the 16S rRNA gene (PERMANOVA: r2 = 0.40, p-value < 0.001).
PCA1 (40.1 %)
PC
A2
 (1
6.
6 
%
)
0.000
0.00 0.02 0.04 0.06 0.08
Habitat
Coastal
Estuary
Fresh Water
Harbor
Hypersaline
Mangrove
Open Ocean
Reef
Warm Seep
GC*
varGCrRNA
Genes
EGS
ABratio
TFClassified
Functional
Func.div
Taxonomy
Tax.div
Figure 11.2: Principal component analysis (PCA) ordination plot. In insert, variable loadings
centred on (0,0). GC* refers to the highly correlated GC, dinucleotides, codon and aminoacids
traits. The variation explained by the two-first components is indicated on the axes.
Assessing bivariate relationships may also help to define ecological strate-
gies across community axes of variation (Wright et al., 2004). A few notewor-
thy outliers deserve further attention (Figure 11.3). Although a positive rela-
tionship (Spearman’s ρ = 0.78, p-value < 0.01) between the GC content and its
variance was detected as a general trend (Figure 11.3B), the hypersaline sam-
ple (GS33) clearly deviated, showing a high GC content with low variance.
This may reflect a constraining effect of extreme environments at the com-
munity level captured in the nucleotide composition, in agreement with the
content in the individual genomes reported for hypersaline inhabitants such
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as the Sphingobacteria Salinibacter ruber (% GC = 66.1) and the Euryarchaeota
Haloquadratum walsbyi (% GC = 47.9). Further investigations are needed to
confirm whether or not this is specifically related to salinity or it can be ex-
trapolated to other extreme environments such as hydrothermal vents or hot
springs. Initial analyses using statistical physics methods point to a signifi-
cant effect of the ecological lifestyle and the composition of functional genes
on long-range correlation structure in microbial genomes (Garcia et al., 2008,
2011). Overall, the GC content appeared as a very convenient parameter for
initial exploration of metagenomic samples (Foerstner et al., 2005) owing to
its straightforward calculation and higher correlation with other properties at
higher organizational levels such as dinucleotides, codons, amino acids and
functional content (as already known for bacterial genomes) because of the
highly dependence on nucleotidic composition (Binnewies et al., 2006, and
Figure 11.3A for an example of correlation with the amino acid composition).
A general negative trend (Spearman’s ρ = -0.60, p-value < 0.01) between
the percentage of TF and EGS (Raes et al., 2007b) was observed (Figure 11.3C).
It has been shown that the number of genes in functional categories scales
as a power law of the genome size (van Nimwegen, 2003). The freshwater
sample (GS20) appeared as an outlier, with a large proportion of TF relative
to the remaining metagenomic samples (Figure 11.3C). It has been proposed
that TF could be an indicator of environmental variability because transcrip-
tion factors are more strongly selected in variable than in constant environ-
ments (Parter et al., 2007). Lakes are small closed systems, highly diverse and
more sensitive to environmental changes than the ocean, and thus promot-
ers of higher microbial diversity (Auguet et al., 2010; Barberán & Casamayor,
2010, 2011; Barberán et al., 2011). More metagenomic samples from differ-
ent environments and particularly, freshwater samples are certainly needed
to confirm this observation.
Another interesting relationship that still needs to be fully explained was
the lower percentage of classified reads observed in metagenomic samples
with bigger EGS (Figure 11.3D; Spearman’s ρ = -0.86, p-value < 0.01). This may
result from a truly functional relationship or to sampling bias (the genomes
available in public databases may under-represent microorganisms with big-
ger genomes and larger genomes contain more orphan genes; Skovgaard et al.,
2001) or to larger percentage of picoeukaryotes or phages, which are much less
characterized.
Finally, rRNA copy number is a trait that had previously attracted con-
siderable attention because it reflects ecological strategies directly related to
succession (Klappenbach et al., 2000; Fierer et al., 2007a). At the community
level, however, the trait with the highest correlation with rRNA copy number
was the ratio of AB amino acids (Spearman’s ρ = 0.50, p-value < 0.01). New
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Figure 11.3: Bivariate relationships between some community traits. (A) GC content was highly
correlated with the aminoacid composition (also with dinucleotide and codon composition). (B)
Positive relationship between the GC content and its variance. (C) Negative relationship between
the percentage of transcriptional factors (TF) and the effective genome size (EGS). (D) Nega-
tive relationship between the percentage of classified reads and the EGS. The general trend is
illustrated using a linear regression.
experimental studies should explore how rRNA copy number scales from the
population to the community level and how is affected by the environment.
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11.3.4 Final conclusions
Overall, the novel approach presented here may help to bridge the gap that
exists between the disciplines of general ecology and microbial ecology. The
recently developed methodology of metagenomics and trait-based commu-
nity ecology seems totally compatible and useful for the ecological analysis of
complex communities of microorganisms. Although trait-based approaches
to microorganisms are largely unexplored (but see recent reviews; Litchman
& Klausmeier, 2008; Green et al., 2008), conserved properties at the molecular
level (i.e. single-copy genes; Ciccarelli et al., 2006; Wu & Eisen, 2008) and gene
length (Xu et al., 2006) serve as anchors to extend the trait approach to the
community level in complex environmental genetic data sets.
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Table 11.2: List of the 35 marker genes and their COG (Clusters of Orthologous Groups) anno-
tation.
Orthologous Group Annotation
COG0012 Predicted GTPase, probable translation factor
COG0016 Phenylalanine-tRNA synthethase alpha subunit
COG0048 Ribosomal protein S12
COG0049 Ribosomal protein S7
COG0052 Ribosomal protein S2
COG0080 Ribosomal protein L11
COG0081 Ribosomal protein L1
COG0085 DNA-directed RNA polymerase, beta subunit
COG0087 Ribosomal protein L3
COG0088 50S ribosomal subunit protein L4
COG0090 50S ribosomal subunit protein L2
COG0091 Ribosomal protein L22
COG0092 Ribosomal protein S3
COG0093 Ribosomal protein L14
COG0094 Ribosomal protein L5
COG0096 Ribosomal protein S8
COG0097 Ribosomal protein L6P/L9E
COG0098 Ribosomal protein S5
COG0099 Ribosomal protein S13
COG0100 Ribosomal protein S11
COG0102 Ribosomal protein L13
COG0103 Ribosomal protein S9
COG0124 Histidyl-tRNA synthetase
COG0184 Ribosomal protein S15P/S13E
COG0185 30S ribosomal subunit protein S19
COG0186 Ribosomal protein S17
COG0197 Ribosomal protein L16/L10E
COG0200 Ribosomal protein L15
COG0201 Preprotein translocase subunit SecY
COG0256 Ribosomal protein L18
COG0495 Leucyl-tRNA synthetase
COG0522 Ribosomal protein S4 and related proteins
COG0525 Valyl-tRNA synthetase
COG0533 Metal-dependent proteases with chaperone activity
COG0541 Signal Recognition Particle (SRP) component with 4.5S RNA (ffs)
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Concluding remarks
Under the constant eager of the Charybdis of fast and voluminous scientific
publication, scientists often obviate that as biological entities are shaped by
history; every cultural human enterprise, as science itself, also are. Thus, I
would like to begin the conclusion of my PhD dissertation with a historical
exercise of scientific humility. The best words to summarize most of the results
and assertions discussed throughout the different chapters were written more
than fifty years ago:
Experience has shown that a very large number of microbes may be con-
sidered to be almost ubiquitous. This does not mean that they are every-
where in considerable numbers, but that a few individuals of the species
succeed in maintaining themselves at very divergent spots on earth, either
in a dormant state or by temporary and localized outbursts followed by
a slow decline of the micropopulation formed. Moreover, many of these
germs are of airborne type, and localities temporarily devoid of a certain
microbe may soon be repopulated from places where the germ in ques-
tion has just flourished. Taking into consideration on the one hand the
dynamic state of conditions in most soils and waters, implying an almost
continuous change in environmental conditions, and on the other hand
the marked diversity in the nutritional requirements of various microbial
species, it is clear that it is not easy to prophesy which germs will be abun-
dant, which will maintain themselves at a low numerical level, and which
will die off in a special locale at a certain moment. (Kluyver & Van Niel,
1956, p. 4-5)
In their book based on a series of lectures at Harvard University in 1954,
Albert J. Kluyver (1888-1956) and Cornelius B. van Niel (1897-1985) demon-
strated the contribution of microorganisms to genetics and biochemistry, and
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discussed the metabolic diversity and the unity of living beings 1. As the au-
thors responded to the question What has microbiology offered to general biology?,
the next reasonable question may be What can microbial ecology offer to general
ecology? Despite some rapprochements during the 20th century (see a recent
review in Jessup et al., 2004), ecological studies of microorganisms are histor-
ically not part of general ecology, but a subfield of microbiology (O’Malley
& Dupré, 2007). With reference to macroecological and biogeographical pat-
terns, it is still uncertain whether life forms show ecological unity, or whether
microorganisms and macroorganisms (although similar patterns have been re-
ported) may differ radically in their underlying community processes (Fierer,
2008).
I am convinced that the time for a significant contribution of microbial
ecology to general ecology has arrived. Microbial ecology has been as mature
as general (i.e. plant and animal) ecology and biogeography was in the 19th
century (Fierer, 2008); that is, in a natural history phase. However, it is be-
coming clear that microbial taxa display non-random environmental and geo-
graphical distribution (see recent reviews in Martiny et al., 2006; Dolan, 2006;
Ramette & Tiedje, 2007; Fierer, 2008; Soininen, 2012). Most of the patterns that
support this evidence have been studied for decades in plant and animal com-
munities but have largely been ignored by microbiologists (notice the time lag
of approximately 60 years in Table 2.1 from the General introduction section).
Since the first textbook with the term microbial ecology in its title (Brock,
1966), the interest in microbial ecology has been undoubtedly triggered by
methodological advances, specially in molecular biology. By the begin-
ning of the XXIth century, the relevance (measured as word frequencies in
digitized books) of microbial ecology surpassed the one of community ecol-
ogy (the term macroecology has never been very popular since its creation in
1989; Brown & Maurer, 1989), and the study of microbial communities has
increased conspicuously since the late 90s (Figure 12.1).
1“Anything found to be true of E. coli must also be true of elephants” as expressed in 1954
by Jacques Monod, or as coined in 1926 by Kluyver himself “From the elephant to butyric acid
bacterium—it is all the same!” (Friedmann, 2004).
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Figure 12.1: Relative frequency in millions of digitized books of key terms for this PhD disser-
tation. The figure was created using Google Ngrams (http://books.google.com/ngrams; Michel
et al., 2011).
Over the past decade microbial ecologists have generated abundant molec-
ular data from ribosomal surveys, and now we are able to combine bioinfor-
matical and statistical tools with critical testing of ecological theory in order
to integrate microorganisms into the broader field of ecology (Chapters 4, 5,
6, 7 and 10). In parallel from ribosomal surveys, the new field of metage-
nomics is challenging the scientific community with an astonishing amount
of complex data that intersects the disciplines of microbiology, genetics, ecol-
ogy and bioinformatics. Thus, metagenomics is revealing new complexity
of microbial assemblages by moving beyond phylogenetic analyses to func-
tional genes. Comparing the taxonomic and functional community composi-
tion may help to clarify whether microbial assemblages change by the adap-
tation of their genomic repertoire or by the phylogenetic replacement of their
members (Chapter 11).
In the recent context of climate change, it is of fundamental importance to
understand how microbial diversity is altered by environmental modifications
already affecting plant and animal diversity (Walther et al., 2002). However
microorganisms are frequently neglected from conservational studies, as were
in the 1950s and still in the 90s:
Nowadays most scientists are vaguely aware that something would
go wrong if somebody were to succeed in exterminating the microbe
world. (Kluyver & Van Niel, 1956, p. 1)
As one moves down the size-spectrum of organisms, from the roman-
tic large mammals and birds, through nondescript small arthropods, on
down to protozoan, bacterial and viral species, not only does concern for
diversity and conservation fall away, but it even changes sign. (May, 1990,
p. 301)
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Accordingly, microbial observatories in pristine and remote environments
may serve as sentinels of environmental change, and recorders of long dis-
tance atmospheric transportation. A first prospective step of potential mecha-
nisms of microbial dispersal would be the study of the atmospheric deposition
travelling long distances at high altitudes and reaching high-mountain lakes
(Chapters 8 and 9).
Some microbial idiosyncrasies may be of paramount importance for un-
derstanding community patterns as described in the Introduction section.
Comparative studies at large scales have been proven helpful for the testing
of different community structures caused by dispersal limitation and environ-
mental filtering (Chapters 4 and 5). Furthermore, studies of the atmospheric
deposition seem a very convenient initial step to disentangle the potential role
of long distance dispersal and survival strategies such as dormancy for com-
munity assembly (Chapter 9).
Although it is still necessary to accumulate information (i.e. the above-
mentioned natural history phase) of microbial community composition in the
environment (as in Chapters 8 and 9), my PhD dissertation has focused on the
viability of the transfer of analytical tools from one field to the other. With this
objective, my colleagues and I have brought statistical methods and concepts
from ecology (e.g. multivariate regression trees in Chapter 6, or functional
traits in Chapter 11), phylogenetic methods from evolutionary biology (e.g.
diversification analysis in Chapter 7) and network analysis from the science
of complex systems (Chapter 10) to the field of microbial ecology. Addition-
ally, we have tried to show the potential of the incorporation of phylogenetic
information into community ecology (specially in Chapters 4, 6 and 8), and
we have also proposed a method to describe and analyse metagenomics data,
and detect possible anomalies (Chapter 11).
In the General introduction section, the processes that influence the pat-
terns of community composition, diversity and assembly were compiled as
deterministic, stochastic and historical. It has not escaped my notice that
throughout my PhD dissertation, deterministic (by means of environmental
variables) and historical (through the use of phylogenetic techniques) pro-
cesses have been given preponderance. Thus, I would desire to conclude this
dissertation with a plea for stochasticity.
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12.1 Coda: Two neutral models for a unified theory
of biodiversity
Understanding the complex and hierarchical structure of biodiversity (the
Baroque of Nature as expressed by the ecologist Ramon Margalef; Margalef,
1997) is one of the most challenging tasks of modern science (Solé & Bas-
compte, 2006). In community and ecosystem ecology, the paradigm shift (us-
ing Thomas Kuhn’s terminology) occured with the transition from a New-
tonian metaphysic (deterministic, closed, reversible, universal, and atomistic
systems) to an ecological metaphysic (stochastic, open, historical, organic, and
hierarchical systems; Ulanowicz, 1999). This dichotomy was already underly-
ing the classical ecological debate between Frederic E. Clements (1874-1945),
and Henry A. Gleason (1882-1975). Clements argued that biotic and abiotic
factors led to deterministic outcomes of community structure (the climax state;
Clements, 1916), while Gleason advocated for a certain degree of uncertainty
due to the independent behaviour of species (Gleason, 1926).
The classical niche explanation of biological diversity was build upon
Gleason’s premise of independence, but obviated the role of stochasticity.
Niche theory states that every species possesses a unique set of traits that
permit its adaptation to a precise abiotic and biotic environment. Conversely,
neutral theory focuses on often neglected stochastic processes such as ecolog-
ical drift and dispersal (which does not mean that it is a form of ecological
nihilism). In the words of the proponent of the unified neutral theory of
biodiversity and biogeography, Stephen P. Hubbell:
The dispersal-assembly perspective asserts that ecological communities
are open, continuously changing, nonequilibrium assemblages of species
whose presence, absence, and relative abundance are governed by ran-
dom speciation and dispersal, ecological drift, and extinction. (Hubbell,
2001, p. 29)
In ecology, the recognition of chance for community structure dates back
to Grinnell (1922). He argued that singletons (that is, accidentals) are the re-
sult of fortuitous dispersal. Nevertheless the main source of inspiration for
Hubbell was the theory of island biogeography (MacArthur & Wilson, 1967,
and see Figure 2.2 for a visualization of the predictions of the theory). If island
biogeography was the source of inspiration, the mathematical formulation of
the neutral theory in community ecology was derived from population genet-
ics (Leigh Jr, 2007). Kimura (1968) first proposed that the causes of change in
allelic frequency are random mutations, migration, and demographic stochas-
ticity. Kimura’s neutral theory of molecular evolution has become a null hy-
pothesis by which to test for the presence of natural selection. In this fashion,
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Hubbell following an earlier attempt by Caswell (1976) devised a neutral the-
ory for forest dynamics assuming that each tree is equally likely to reproduce
or die whatever its species (Hubbell, 1979). His ideas in the form of a devel-
oped testable quantitative theory that makes precise predictions across several
organizational levels with underlying ecological and evolutionary mechanis-
tic processes arrived in the year 2001 (Hubbell, 2001).
The publication of Hubbell’s book raised much controversy among ecolo-
gists due to the unrealism and inconsistency with natural history of some of its
formulations (Alonso et al., 2006). The most criticized aspect was the assump-
tion of neutrality (i.e. the lack of information about ecological interactions). In
Hubbell’s model all individuals of different species in a community are strictly
equivalent regarding their prospects of reproduction and death. In his neutral
framework, the known and evident differences between species are irrelevant
for the prediction of large scale patterns, and the crucial point is to determine
to what extent functional differences matter. This dispute may be an exam-
ple of the long-standing philosophical debate between realism (i.e. small scale
specific explanations of phenomena) and instrumentalism (i.e. large scale gen-
eral explanations; Wennekes et al., In press). Along these lines, the simplicity
and practicality of ecological models was already acknowledged by the math-
ematician Alfred J. Lotka (1880-1949):
There is something unsatisfactory in such abstractions that seem rather far
remote from the conditions actually met in nature. But it must be remem-
bered that such abstractions are a necessary, and, as experience has abun-
dantly shown, a very effective aid to our limited mental powers, which
are incompetent to deal directly with unexpurgated nature in all its com-
plexity. (Lotka, 1925, p. 301)
Communities may seem neutral because they are complex (i.e. equivalence
may occur from non-neutral processes by statistical averaging; Pueyo et al.,
2007) with patterns emerging from a statistical process of intricate causalities:
Communities are not closed systems, so much of what is observed in a
local community is determined by processes that transcend the arbitrary
boundaries imposed upon it by the observations made on it. This limita-
tion is inescapable. Ecologists simply cannot collect, much less conceptu-
alize, the amount of information that would be necessary to identify pre-
cisely why species densities change the ways they do. At the local scale,
ecological complexity begets conceptual uncertainty, statistical variability,
and theoretical unreliability. (Maurer, 1999, p. 110)
Thus, the neutral theory resembles the kinetic theory of gases: is an
ideal theory (Alonso et al., 2006; Etienne & Alonso, 2007). Hubbell brought
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parsimony 2 to community ecology: until niche processes are necessary to
explain patterns, the simplest neutral models should be considered because
good theory has more predictions per free parameter than does bad theory (Alonso
et al., 2006). Surprisingly, neutral theory predicts observed species abun-
dance distributions, species-area relationships, and β-diversity patterns with
distance (Bell, 2001). The falsification of neutral theory, using Karl Pop-
per’s central precept, should be against the predictions of models with other
mechanistic processes.
Although it may seem that I have been advocating for the neutral theory
throughout this conclusion, the depicted model in Hubbell’s formulation 3
looks unsatisfactory to a microbial ecologist (though Hubbell’s neutral model
has already been applied to microbial communities; e.g. Sloan et al., 2006) due
to the idiosyncrasies of microbial communities (see section 2.3 for a summary).
Here, I propose that a Janus-faced neutral theory composed of two models is
required in order to cover the actual biological diversity coarsely divided in
macroorganisms and microorganisms (see Figure 12.2 for a conceptual sum-
mary). Even if I agree that the same evolutionary and dispersal mechanisms
shape species composition, diversity and dynamics of natural communities;
there exists a fundamental transition in the scales in which these mechanisms
operate (though this may result in similar ecological patterns).
In the modified modelling scheme for microbial communities (Figure 12.2
below), the regional scale is neglected due to high microbial dispersability,
and the global scale gains preponderance. If in Hubbell’s neutral model for-
mulation for macroorganisms, local and regional scales are coupled through
unidirectional migration (i.e. colonization from the metacommunity to the lo-
cal community); in the microbial model, organisms are allowed to disperse
long-distances and thus, be part of the global pool (that is, the rare biosphere
or seed bank; Pedrós-Alió, 2006; Lennon & Jones, 2011) as a result of high
dispersability and dormancy (Locey, 2010). Hence, individuals may exit lo-
cal communities by death fueling local extinction, or by long-distance disper-
sal forming part of the global seed bank. A conceptual procedure to account
for higher speciation rates in microorganisms compared to plants and ani-
2William of Ockham (c. 1288-c. 1348) is credited as the father of the law of parsimony, known
as Occam’s razor. The original statement of the English scholastic philosopher was Frustra fit per
plura quod potest fieri per pauciora (It is futile to do with more what can be done with less).
3In Hubbell’s model, regional (or metacommunity) dynamics is controlled by the fundamen-
tal diversity number (θ), while local dynamics is controlled by the fundamental dispersal number
(I). Local dynamics is identical to regional dynamics, except that speciation is replaced by col-
onization. That is, θ ≈ 2JMν for regional dynamics, and I ≈ 2JLm for local dynamics. Here,
JM represents the number of individuals in the regional pool (i.e. metacommunity size), and JL
the local community size, with JL  JM . The parameters m and ν measure the probability of
colonization and speciation, respectively (Hubbell, 2001).
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mals (Dykhuizen, 1998) is to allow speciation at the local scale (Figure 12.2).
Although both models use the same discrete formulation, the problematic
species concept for asexual microorganisms may suggest to treat speciation
as a continuous process rather than a discrete one (Rosselló-Mora & Amann,
2001). The study of the derived patterns from such a neutral model focused
on microorganisms seem a promising avenue for future research (for another
discussion about the plausibility of applying neutral community models to
microorganisms see Curtis et al., 2006).
Regional pool
Local
community
Local
community
Neutral model for macroorganisms
Neutral model for microorganisms
Global pool
Local
community
Local
community
Speciation
Extinction Extinction
Extinction Extinction
ColonizationColonization
Speciation Speciation
ColonizationColonization
Dispersal Dispersal
Figure 12.2: A schematic representation of two neutral models: Hubbell’s model for macroor-
ganisms (above), and a suggested model for microorganisms (below). Both models are based
on the same mechanistic processes at different scales. See main text for an explanation of the
differences between both models. As in Figure 2.1, the demarcation of discrete spatial scales is
arbitrary.
In this coda I suggested that microbial community ecology should move
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beyond Baas Becking’s tenet, everything is everywhere: but the environment se-
lects (Baas Becking, 1934), towards a stochastic theory built upon evolutionary
and ecological mechanisms. Modelling the macrobiological and microbiolog-
ical neutral models would contribute to the unification of microbial ecology
and general ecology:
It might be noted that even if such a program proves uninteresting the
attempt is of value since one measure of our comprehension of ecology
is our ability to explain it in a clear unequivocal way to a student with
absolutely no prior information about nature or science. An electronic
computer is the only such student available. (Slobodkin, 1961, p. 147)
Unveiling ecological patterns and processes from complex and diverse
microbial communities is not an easy task. The communities are incredibly
diverse with thousands of species, the interactions between these taxa are
largely unknown, and the ecological roles of taxa are concealed. Notwith-
standing, the enormous diversity and complexity of microbial communities
is their key characteristic for the macroecological program (see section 2.1).
Again, as in the beginning of this conclusion, looking backwards in time make
us realize that we are standing on the shoulders of giants 4:
Where microorganisms are concerned, the islands can be created artifi-
cially [...]. Such synthetic studies can reveal much of general significance
but of course nothing about peculiarities in the dispersal and colonizing
behavior of the higher plants and animals which comprise most of the
several millions of living species on earth. (MacArthur & Wilson, 1967, p.
182)
MacArthur and Wilson acknowledged that microbial communities con-
form the best living systems to test ecological theories. They also noticed the
fundamental divide between macroorganisms and microorganisms. However
their statement suffers from an obvious flaw: biological diversity on Earth is
mostly microbial. Thus, ecologists cannot simply ignore microbial communi-
ties in the development of ecological theory now that we possess the method-
ological tools to interrogate this long hidden face of diversity.
4The metaphor is attributed to the twelfth-century French scholar Bernard of Chartres (in
Latin: Nani gigantum humeris insidentes) but it was famously reproduced in 1676 by Sir Isaac New-
ton in a letter to Robert Hooke:
What Descartes did was a good step. You have added much several ways, and
specially in taking the colours of thin plates into philosophical consideration. If I
have seen further it is by standing on the shoulders of Giants.
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Conclusions
The general conclusions of this PhD dissertation are:
• Three main processes explain community patterns: deterministic,
stochastic and historic. To account for the historic component of living
beings it is essential to incorporate the phylogenetic information in
community ecology analysis (General introduction).
• Some idiosyncratic features of microorganisms (i.e. high speciation,
high dispersability, and dormancy) are of paramount importance in
order to understand community patterns (General introduction).
• Isolated and environmentally heterogeneous water masses show high
levels of microbial diversity (Chapters 4 and 5).
• At the global scale and at broad taxonomic levels, environmental filter-
ing is more relevant than geographic processes for explaining the struc-
ture of microbial communities (Chapters 4, 5 and 6).
• Archaeal communities show definable patterns at the global scale
(Chapter 6).
• The study of uncultured microbial clades is enhanced by the incorpora-
tion of the temporal pattern of diversification (Chapter 7).
• Freshwater ecosystems are potential environments for the discovery of
new microbial diversity (Chapters 4, 5, 6 and 7). In particular, environ-
mental heterogeneity promotes high phylogenetic diversity in Pyrenean
lakes (Chapter 8).
198 Conclusions
• The phylogenetic diversity of freshwater bacterial communities from
Pyrenean lakes conforms to some biogeographical patterns (Chapter 8).
• Dust deposition links global and regional scales of microbial communi-
ties in a regular temporal basis (Chapter 9).
• Network analysis permits an initial exploration of the co-occurrence pat-
terns among the biotic component (Chapter 10) and functional trait anal-
ysis allows the summary, description, interpretation and quality assess-
ment of vast metagenomic datasets (Chapter 11).
• The taxonomic and functional components show different pictures of
microbial communities. Their comparison may help to solve whether
communities adapt more efficiently by genetic or by taxonomic variation
(Chapter 11).
• A neutral community model that neglects the regional scale, considers
long-distance dispersal, and locates speciation at the local scale seems
more appropriate for microorganisms than previous formulations
(Concluding remarks).
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